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Abstract
Characterizing the rheological properties of polymeric and colloidal gels during dy-
namic phase transitions is critical in developing targeted products for industrial and
home care use. These materials require specific rheology that allow them to respond
to external stimuli. The goal of this work is to characterize the rheological properties
of polymeric and fibrous colloidal gels throughout gelation, degradation, and at equi-
librium to infer their microstructure. An emphasis is made on hydrogenated castor oil
(HCO), a fibrous colloid that undergoes heterogenous phase transitions and is subject
to changes in microstructure when sheared during sample preparation. We use mul-
tiple particle tracking (MPT) microrheology to measure the rheological properties of
the scaffolds. MPT is a passive microrheological technique that relies on the thermal
motion of probe particles to measure material properties and is ideal for measuring
heterogeneous phase transitions.
We begin by characterizing the gelation of poly(ethylene glycol) (PEG) hydro-
gels at varying polymeric interactions and gelation mechanisms. The gels consist of
a 20,000 g mol−1 4 arm star PEG backbone end-functionalized with either acrylate
or maleimide for chain- and step-growth polymerization reactions, respectively. Both
gels are cross-linked with 1,500 g mol−1 linear PEG-dithiol. The overlap concentration
of the PEG backbone is determined using both bulk rheology and microrheology, and
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gels are formed below, at, and above the overlap concentration. PEG-maleimide gela-
tion occurs spontaneously and is measured with MPT through time. PEG-acrylate
gels require the formation of a free radical by exposure to ultraviolet light. The critical
relaxation exponent, n, is calculated using time-cure superposition, the superposition
of viscoelastic functions at different extents of reaction. The critical relaxation expo-
nent decreases as the concentration and polymeric interactions increase to the overlap
concentration, then remains constant above the overlap concentration. The value of n
indicates that below the overlap concentration gelation occurs through a percolation
mechanism, and forms a more tightly associated network as concentration increases.
Microrheology is then used to measure the degradation and gelation of a fibrous
colloidal gel, hydrogenated castor oil. HCO undergoes a heterogeneous phase transi-
tion based on an osmotic pressure gradient, making MPT an ideal measurement tool.
The critical relaxation exponents, ndeg and ngel, are calculated for the degradation
of a 4 wt% HCO gel and gelation of a 0.125 wt% HCO sol, respectively. The cal-
culated values of ndeg and ngel are different from each other, indicating a change in
microstructure potentially caused by colloidal rearrangement during phase transition
or shear imparted on the sample during preparation. An analysis of the van Hove
correlation functions determines that MPT is viable despite heterogeneities. Further
analysis of the heterogeneous structure quantifies homogenous material microenvi-
ronments at the equilibrium phases and heterogeneous microenvironments during the
critical transition. The non-Gaussian parameter, a measure of rheological heterogene-
ity, indicates the greatest heterogeneity occurs when the material is in the viscoelastic
solid phase during the critical transition.
To increase the amount of information gained from MPT experiments, we develop
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a technique to simultaneously track a bi-disperse population of probe particles. 0.5
and 2.0 µm particles are tracked separately using a brightness based radius of gyration,
R2g, and ensemble-averaged mean-squared displacement curves are calculated from the
separated populations. The viscosity of glycerol solutions at a range of concentrations
verifies the technique for Newtonian fluids. The technique is then used to measure
an 18wt% PEG-acrylate gelation, and the critical relaxation exponent is calculated.
Both probe particle sizes determine the same value for n. Finally, the degradation
of HCO gel is re-examined using bi-disperse probe sizes. 0.5 µm probes measure
the same heterogeneous phase transition previously measured, while 2.0 µm probes
exhibit no heterogeneity and do not measure a sol-gel transition.
To determine if colloidal rearrangement during phase transition is effecting the
scaffold structure of HCO, a µ2rheology, microfluidics with microrheology, is devel-
oped. A two-layer microfluidic device is designed to exchange fluid surrounding a
sample, enabling phase transitions, while minimizing the shear imparted on the sam-
ple. A key component of the device is six symmetrically placed channels connecting a
sample chamber and solvent basin, located directly above the sample chamber. Dur-
ing fluid exchange, the sample is locked in place due to the equal pressure surrounding
it. An estimate of the amount of shear imparted on the sample is calculated to be
below the yield stress of the sample. A total of nine phase transitions are measured
on a single sample, and there is no change in the rheological properties when the
material is at equilibrium.
The effect of shear imparted on the sample during preparation is determined using
a combination of microrheology, µ2rheology, and bulk rheology. Critical relaxation
exponents for pre-sheared HCO gelation and non-sheared HCO degradation, ngel and
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ndeg, respectively, are related to a normalized elastic modulus of a polyamide fiber sys-
tem [1]. Accessible phases of HCO during gelation and degradation are related to the
phases measured in the polyamide system. µ2rheology determines that the neither
pre-sheared or non-sheared HCO gels change rheological properties at equilibrium,
however the shear does change the accessible phases of each system. Pre-sheared
HCO makes a weaker network in the gel phase, but form a solution of bundled fibers.
Non-sheared HCO forms a network of entangled fibers that can undergo a phase
change but the osmotic pressure gradient can not completely dissociate the fiber en-
tanglements. Bulk rheology confirms these findings by showing that the non-sheared
HCO degradation does not have a crossover point between storage and loss moduli,
while the gelation of the pre-sheared sample has a crossover at the point predicted
by the normalized modulus. Finally, a normalization of bulk and microrheology data
show that the two methods are measuring the phase transitions at the same point.
In all, this work presents characterization techniques for the dynamic phase changes
of polymeric and colloidal gels. The information gained through this work enables
engineering of materials through the addition of rheological modifiers to fit specific
needs of home care and industrial products.
4
Chapter 1
Introduction
1.1 Motivation and Goals
The goal of this thesis is to quantitatively characterize the rheological properties of
colloidal and polymeric gels throughout dynamic phase changes. Fibrous colloidal
materials are of particular interest in home care products due to their shear thin-
ning at low concentrations. The addition of these materials to products allow for a
specific response to external stimuli. A detailed understanding of the microstructure
during transition is necessary to engineering these materials. Microrheology can be
used to determine rheological properties and infer microstructure. Multiple particle
tracking microrheology (MPT) is an ideal measurement tool for understanding how
the microstructure evolves during a critical transition due to its fast acquisition times
and sensitivity to materials with weak mechanical properties such as at the sol-gel
transition. MPT is a passive microrheological technique that measures the thermal
motion of probe particles embedded in a sample. To motivate this work further, we
will describe the principles of rheology and microrheology, and then detail the uses
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of colloidal and polymeric materials.
Rheology is the study of the response of a material to an applied stress, and
can be used to measure Newtonian and complex fluids [2]. Newtonian fluids have a
simple response and will dissipate energy through flow, while solids will store energy
and release it through an elastic deformation. Complex materials, such as polymer
solutions, colloidal gels, and emulsions, can exhibit both viscous and elastic responses,
and are known as viscoelastic materials. These responses are due to the complex nano-
or microstructure present in the material, and typically dependent on the time scale
of the measurement [3–5]. Viscoelastic materials are seen in everyday life, as many
home-care products add rheological modifiers to tailor responses. Products such as
toothpaste are designed to enable easy flow, a liquid-like response, when the tube
is squeezed (applied shear), but cease flow and hold structure, a solid-like response,
when on the toothbrush [6]. This is accomplished through the addition of particulates
to modify the rheology.
The viscoelastic response is traditionally measured by a bulk rheometer. In these
experiments, a specified geometry applies an oscillatory shear strain, γ(t) = γ0 sin(ωt),
where γ0 is the strain amplitude and t is time, to a sample at a specified frequency,
ω, and the resulting shear stress, σ(t) is measured. At small shear strain amplitudes,
γ0 << 1, the shear stress is linearly dependent on the strain,
σ(t) = γ0[G
′(ω) sin(ωt) +G′′(ω) cos(ωt)] (1.1)
where G′(ω) is the storage modulus and G′′(ω) is the loss modulus. G′(ω) is in phase
with the applied strain and is a measure of the elastic response while G′′(ω) is in
phase with the strain rate, γ˙ = dγ/dt, and measures the viscous response. The
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complex modulus, G∗(ω) is defined by G∗(ω) = G′(ω) + iG′′(ω) [4,7]. This technique
has been successfully used to measure the structure of soft materials, however it has
several drawbacks. Mainly, bulk rheometers have a limited sensitivity at low moduli,
and are unable to probe local responses in heterogeneous systems. Microrheology is
able to address these limitations and supplement the information obtained from bulk
rheology.
1.2 Microrheology
Microrheology measures the movement of embedded probe particles on the order of 1
µm in a soft material to locally probe the system. Information about the microstruc-
ture of the surrounding medium is inferred from the particle motion. The motion
of these embedded particles can be thought of as the strain response to the applied
stress. Microrheology can be separated into two categories, active and passive mi-
crorheology. In active microrheology, stress is induced on probe particles by a force
outside the sample such as magnetism or laser trapping [8–14]. These type of tech-
niques have the advantage of probing the non-linear viscoelastic regime, but are much
more difficult to set up than passive techniques [15, 16]. In Passive microrheology,
stress on the probe particles is due only to thermal motion. These techniques mea-
sure the linear viscoelastic response. Passive techniques are more sensitive to small
fluctuations material properties, and are able to characterize heterogeneity [17, 18].
In this work, we exclusively use the passive microrheological technique of multiple
particle tracking microrheology [19]. This technique tracks particle locations using
video microscopy, and will be discussed further in the following section and Chapter
2.
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1.2.1 Multiple particle tracking microrheology
As stated above, multiple particle tracking microrheology is a powerful technique
for measuring the evolution of rheological properties and microstructure during a
critical transition [17,20]. The technique has several advantages over bulk mechanical
rheology. First, MPT has a very low sensitivity range, and even small changes in the
microenvironment can lead to measurable changes in probe movement [19,21,22]. Due
to the very small stresses exerted by the probes’ thermal motion, very low modulus
materials are probed (<4 Pa) [15]. Similarly, since the probes exert little stress,
the microstructure of the material is not altered during measurement. This makes
microrheology ideal for studying phase transitions, as materials have weak mechanical
structures at the critical transition. MPT also has the advantage of fast acquisition
times, and samples take only ∼30 s to capture. Fast acquisition times are important
because they allow measurements to be taken at pseudo steady state during gelation
or degradation [15].
In MPT, the mean-squared displacement, 〈∆r2 (t)〉, of the probe particles is re-
lated to the diffusivity, D, by
〈∆r2 (τ)〉 = 2dDτα (1.2)
where d is the number of dimensions, τ is the lag time, and α is the logarithmic slope
of the mean-squared displacement as a function of lag time, defined as
α =
d log〈∆r2 (t)〉
d log τ
. (1.3)
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Diffusivity is then related to rheological properties using the Generalized Stokes-
Einstein Relation (GSER),
D˜(s) =
kBT
6piasη˜s
(1.4)
where D˜(s) is the Laplace transform of the frequency dependent diffusion coefficient,
kBT is the thermal energy, a is the probe radius, η˜s is the Laplace transform of the
frequency dependent viscosity, and s is the Laplace frequency [15,16,23].
From the GSER, we see that the diffusivity will be dependent on probe particle
size, a. MSDs are calculated as ensemble-averages, and therefore monodisperse sized
particles are necessary for each experiment. Different sized probe particles will mea-
sure different length scale features and heterogeneity [24–27], and in order to probe
additional length scales multiple experiments are required. Multiple length scales are
especially useful in biological materials, which have a variety of microstructures [28].
Despite the usefulness of a bi-disperse probe size, there is no documented technique
for simultaneous particle tracking at different length scales.
There are several key factors that must be considered when using MPT microrhe-
ology, including probe particle size, probe chemistry, and the concentration of parti-
cles [15,16,19,21,29–33]. First, the probe size needs to be larger than the feature size
of the material in order to obtain bulk properties from the GSER, Figure 1.1a. As the
probe particle size is decreased to within the feature size of the microenvironment,
the probe begins to measure the local microenvironments within the network, Figure
1.1b. Next, the probe chemistry will have an effect if there is any interaction between
the probe and the network, such as adherence to a macromolecule. This can have the
effect of changing the microstructure of the material, Figure 1.1c, or having the probe
particle stuck to a cavity wall, Figure 1.1d. Under these circumstances, the probe will
9
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d c 
Figure 1.1: Effect of probe particle size and chemistry on microrheology experiments.
(a) Inert particle with a diameter much greater than the length scale of the net-
work. (b) Inert particle with a radius smaller than the feature size of the network.
(c) Strongly interacting probe particle with the scaffold, causing changes to the mi-
crostructure. (d) Slightly interacting particle attached to a cavity of the microstruc-
ture.
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no longer be experiencing only thermal motion, resulting in an altered random walk
that mimics the motion of the cavity. Finally, a large enough concentration of probe
particles can result in attraction of the probe particles to themselves, causing particle
interactions or forming aggregates. Aggregates of particles are no longer described by
the Stoke’s motility, MS = (6piaη)
−1, and thus not able to be related to rheological
properties by the GSER [16,19,22].
Heterogeneity is another important consideration to ensure that the probe par-
ticles are experiencing the same microenvironment when calculating the ensemble-
averaged mean-squared displacement. Heterogeneities can occur when there are fea-
ture sizes on a length scale greater than that of the probe particle [21]. Heterogeneities
can result in a misrepresentation of the properties of the material. Recently, there
have been studies seeking to account for these heterogeneities. One quantitative mea-
sure for the analysis of heterogeneity was proposed by Valentine, et. al. This study
relates individual particle dynamics using an F-test to compare the variance in the
diffusivity. Particles experiencing similar microenvironments can then be clustered
to map the microenvironments and show where heterogeneities occur [21].
MPT microrheology has been used in many systems to date. The technique has
been used to measure hydrogels [17,18,20,34–41] and biological materials [26,42–48,
48], as well as the glass transition [49,50] and sol-gel transition [17,34,36,37,51,52].
1.3 Polymeric gelation
In this section we discuss cross-linked polymeric hydrogels, specifically a poly(ethylene
glycol) (PEG) gel. PEG gels are used in several chapters of this thesis. The character-
ization of these gels includes the effects of both gelation mechanism and interactions
11
of the polymer backbone. Portions of this section appear in a previous publication
and are reproduced with the permission from Wehrman, M. D.; Leduc, A.; Calla-
han, H. E.; Mazzeo, M. S.; Schumm, M.; and Schultz, K. M. AIChE J, 2018, 62 (2),
437-446, 2018. Copyright 2018 American Institute of Chemical Engineers.
Cross-linked polymeric gels are widely used materials with applications that range
from synthetic scaffolds for wound healing and tissue regeneration to scaffolds that
decrease permeability in naturally fractured carbonates during enhanced oil recovery
(EOR) [53–69]. An attractive quality of these materials is the ability to tailor the
structure and properties of the scaffold on the mesoscale by simply changing the
concentration of the polymers and type of gelation reaction. Cross-linked polymeric
scaffolds have been used as synthetic biomaterials extensively [58–69]. Tailoring of the
physical microenvironment to mimic native microenvironments has enabled countless
fundamental studies to understand biological processes, such as stem cell lineage
specification [67,68] and 3D encapsulated cell motility and differentiation [58–66,69].
The structure and degradability of the scaffolds can influence the percentage and
extent of cell motility during 3D encapsulation, as well as the viability of cells within
the scaffold [59, 67, 70]. In order to fully understand this phenomena, better control
of scaffold architecture is required. In EOR, concentrated polymer solutions are
currently used to increase viscosity of the injected water. The addition of a chemical
cross-linker is used to further lower permeability without completely shutting off the
area to additional recovery [53–57]. Despite the wide use of cross-linked gels, how gel
formulation and cross-linking mechanism changes the structure and properties of the
scaffold is still unclear.
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Figure 1.2: (left) Concentration-viscosity curve adapted from Colby & Rubinstein
[71]. (right) Schematic representation of the polymer concentration regimes, illus-
trated for a 4-arm star polymer.
The concentration of the polymer precursor solutions plays a major role in poly-
mer interactions and subsequently the structure of the material after gelation. Previ-
ous studies have investigated the differences between step- and chain-growth gelation
reactions in the dilute regime, but the addition of polymer interactions at higher
concentrations has not been reported [72–76]. Polymer solutions fall within three
regimes as a function of concentration, c: dilute (c < c∗), semi-dilute (c∗ < c < c∗∗)
and entangled (c∗∗ < c), where c∗ and c∗∗ are the overlap and entanglement con-
centrations, respectively. [71,77–79]. A schematic representation of the concentration
regimes and concentration-viscosity curve is found in Figure 1.2. In the dilute regime,
corresponding to the red region of Figure 1.2, polymers freely move through their own
space without interacting with other macromers. In this regime, the concentration
versus viscosity curve has a logarithmic slope of 1. Using these dilute solutions as
precursor solutions for gels leads to the most ideal cross-linking reactions free of any
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complicating polymeric interactions. In the semi-dilute regime, corresponding to the
green region of Figure 1.2, polymers begin to interact as the pervaded volume, V , of
the polymer coils begin to overlap [80]. V is related to the size of the polymer, R,
by V ∼ R3 and related to the radius of gyration (the most probable position of any
point of the polymer from the polymer center of mass) by Rg ∝ R [71, 77–79]. This
regime also has a sharp increase in the concentration versus viscosity curve with a
logarithmic slope of 2. Gelation reactions in this regime are complicated by poly-
mer interactions, which can lead to inefficient gelation because functional groups are
not available to react and interactions in the precursor solution can change scaffold
structure. In the entangled regime, corresponding to the blue region of Figure 1.2,
polymers begin to physically entangle, thereby decreasing the amount of fluctuations.
Again, there is a sharp increase in the logarithmic slope of the concentration versus
viscosity curve to 14
3
[4, 71, 77–79]. The extent of polymer interactions is determined
by the concentration and whether it is above or below the overlap or entanglement
concentrations. These values are determined by viscosity measurements. With many
polymers, including the ones used in this work, reaching the entanglement regime is
difficult due to solubility limits.
Finally the gelation mechanism can change the microstructure of the gel [75].
Chain-growth polymerization reactions are traditionally initiated by free radical for-
mation [81, 82]. These gels form rapidly, have complex kinetics and create a het-
erogenous microstructure [83–85]. In contrast, step-growth polymerization occurs
gradually and forms a more homogenous scaffold [85–88]. The differences in poly-
merization mechanism are evident in the bulk properties of the gels. Step-growth
polymerization forms stronger gels, but these gels also degrade more rapidly than
14
gels formed with chain-growth polymerization [75].
1.4 Colloidal gels as rheological modifiers
This section discusses how colloidal materials are used as rheological modifiers in
many industrial and home care products. In Chapters 4-7, a fibrous colloidal ma-
terial hydrogenated castor oil (HCO) is investigated to understand the rheological
properties throughout phase transitions and as a function of shear. Portions of this
section appear in previous publications and are reproduced with the permission from
Wehrman, M. D.; Lindberg, S; and Schultz, K. M. Soft Matter, 2016,12, 6463-6472.
Copyright 2016 Royal Society of Chemistry, Wehrman, M. D.; Milstrey, M. J.; Lind-
berg, S; and Schultz, K. M. Journal of Rheology, 2018, 62, 437-446. Copyright 2016
AIP Publishing and Wehrman, M. D.; Milstrey, M. J.; Lindberg, S; and Schultz, K.
M. Lab on a Chip, 2017,17, 2085-2094. Copyright 2017 Royal Society of Chemistry.
Colloidal gels are commonly used in industrial products due to their ability to
shear thin and their dynamically evolving microstructure [4]. Recently, the devel-
opment of naturally derived colloidal gels has broadened the industrial use of these
materials to personal, fabric and home care products [89–91]. These naturally de-
rived materials have the potential for wider applicability as building blocks of hier-
archical materials, due to their low weight, stiffness, biodegradability and renewabil-
ity [92–100]. Although these materials have great potential, their use has been limited
due to lack of knowledge of the structure-function relationship during dynamic gel-sol
transitions. These materials undergo dramatic and heterogeneous changes in material
properties and microstructure during gel degradation, the disassociation of colloidal
fibers into a solution, and gelation, the association of fibers to form a gel structure.
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These transitions are common during industrial processing. For example, degradation
occurs when various slurries are diluted resulting in final products or when weak gels
are used in applications that require them to be submerged in solvent rich environ-
ments. These situations require an understanding of the evolving microenvironments
during critical transitions to ensure desired product performance.
1.4.1 Processing of rheological modifiers
Processing of creams and other colloidal suspensions involve an assortment of steps
including dilution and mixing [101–103]. These processes are essential to efficiently
make home care products, but can also have permanent effects on the microstructure
of the material [104–106]. This can occur in a variety of ways, including particle
alignment and colloidal jamming [101,107]. In addition to processing, these products
are subject to changes in microstructure during storage and end use [108, 109]. It is
therefore important to characterize material properties as they change dynamically
during phase transitions and throughout the product lifetime. In this thesis, we
focus on the characterization of fibrous colloidal particles undergoing phase transitions
in response to osmotic pressure gradients [110–117]. Of particular interest is how
shear added at key stages of sample production changes the structure and rheological
properties and indicates changes in the structure of the scaffold. Previous studies
have shown the effects vary from removal of fiber entanglement to particle alignment
and clustering and can be permanent or difficult to reverse [118].
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1.4.2 Consecutive phase transitions
Phase transitions that result in consistent material properties at equilibrium have
important impacts on the lifespan and manufacturing of goods such as lubricants,
paints, and food products [119–121]. These products often contain rheological modi-
fiers, and the microstructure of these materials can be altered during phase changes.
Many types of reversible phase changes have been previously investigated, includ-
ing shear recovery, thermoreversibility, and concentration dependent phase transi-
tions [122–125]. Shear recovery requires mechanical severing of a structure and the
subsequent recovery of that original structure. These types of experiments can po-
tentially cause permanent structural damage to the network, unless the chemistry
of these scaffolds allows complete recovery [126–128]. Gelation and degradation of a
thermoreversible material is induced by a change in the sample temperature and does
not include the addition of mechanical forces. Thermoreversibility is not a universal
property of all gel and soft matter systems, allowing only a subset of phase transi-
tions to be characterized through this mechanism [122–124,129]. Critical transitions
of network structures also occur by a change in the concentration of various agents
in the environment, such as during micelle formation and gelation and degradation
of colloidal gels [114,116,130–132].
1.5 Dissertation Overview
The previous sections described microrheology as a measurement technique, the im-
portance of polymeric materials, and how colloidal materials are used as rheological
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modifiers in a range of products. The following chapters will present work that quan-
tifies the rheological properties of these materials using microrheology. In Chapter
2, we discuss the experimental methods used throughout this thesis. These include
fluorescent microscopy, multiple particle tracking microrheology, bulk rheology and
the fabrication and use of a microfluidic device. The materials and their synthesis
techniques are also discussed in Chapter 2.
Chapter 3 investigates the gelation of two PEG hydrogels at varying concentra-
tions below, above, and at the overlap concentration, and gelation mechanisms, step-
and chain-growth. The overlap concentration is determined from a combination of
bulk and microrheology. Using time-cure superposition we determine that the poly-
mer scaffold changes from a percolating system at low concentrations to a tightly
cross-linked system at the overlap concentration. Above the overlap concentration
there is little change in the structure, and there is no dependence on the gelation
mechanism.
Chapter 4 uses the same microrheology techniques used to measure the polymer
system and uses them to measure a fibrous colloidal gel, hydrogenated castor oil.
HCO is a fibrous colloid used as a rheological modifier for home care products that
undergoes a change of phase due to an osmotic pressure gradient. A quantitative
analysis of the heterogeneity of the system during phase transitions is completed and
time-cure superposition is used to determine the structure of the material at the gel
point.
Chapter 5 expands MPT by adding a second probe size to a single sample, making
a bi-disperse population of probe sizes. Using a brightness-based radius of gyration,
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we show how the two particle sizes can be separated using existing particle track-
ing technology. The effectiveness of the technique is verified by a Newtonian fluid,
polymeric gelation, and colloidal gel degradation.
Chapter 6 describes a new microfluidic device design that enables multiple phase
transitions on a single sample by an exchange of the surrounding fluid environment.
The device is used in conjunction with MPT experiments, in a technique known as
µ2rheology. We use the device to change the osmotic pressure gradient around a
sample of HCO to determine how the structure changes during phase transitions.
Chapter 7 addresses the effect that shear has on fibrous colloidal gel systems. The
microstructure of HCO during phase transitions is related to the phases of similar
colloidal materials. From bulk rheological measurements, we determine a way to
compare microrheological results with bulk rheology. From these experiments, we
find that shear induced on the material can result in a fundamental change in the
microstructure of the gel.
Finally, we summarize the work presented in this dissertation and present future
work directions in Chapter 8.
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Chapter 2
Materials & Experimental Methods
The purpose of this thesis is to determine the rheological properties of polymeric
and colloidal gels during their dynamic transitions and relate those properties to
the microstructure. By understanding these properties the materials can be used
more efficiently in home care goods and industrial products. In order to infer the
material microstructure from rheological properties, several different techniques are
utilized. The main technique is multiple particle tracking microrheology (MPT),
which gives quantitative results for both degradation and gelation of colloidal and
polymeric materials. Microfluidics is used in a combination of techniques known as
µ2rheology, which enables multiple cycles of degradation and gelation by an exchange
of fluid surrounding a sample. As a supplement to MPT, bulk rheology is used as
both a measure of frequency dependent material properties and for degradation and
gelation of colloidal materials.
This chapter explains the general experimental methods used throughout the dis-
sertation and the materials used in the experiments. An in depth discussion on MPT
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as an analysis technique, and the development of the µ2rheology device. Bulk rhe-
ology experiments are discussed, and finally we discuss the materials used in the
experiments. Experiment specific protocols will be discussed in the following chap-
ters.
2.1 Methods
2.1.1 Microscopy
Three different types of microscopy are used in this work: fluorescent, differential
interference contrast (DIC), and confocal scanning laser microscopy (CLSM). MPT
measurements are done entirely on an inverted fluorescence microscope, while DIC
and CLSM are used to verify the structure of colloidal particles.
Inverted microscopy
An inverted microscope (Carl Zeiss AG) is outfitted with two different types of light
sources. The first is a halogen bulb (100 W) located above the microscope stage,
enabling transmitted light (bright-field) imaging. This is useful for many biological
applications, but can also be used for imaging bulk features of colloidal gels, as these
gels are semi-opaque. The light path orginates at the halogen bulb and then passes
through a polarizer and a condenser. The light path continues through the sample, the
objective, a dichoric mirror, and an excitation filter. Finally, the light path continues
to a Phantom Miro M120 high speed camera (Vision Research Inc.).
Fluorescent microscopy has a slightly different path on the same inverted micro-
scope. Fluorescence is used for all MPT experiments to increase the signal to noise
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ratio, improving the difference between probe particles and background [133]. The
fluorescent light source is a mercury bulb (89 North, Inc.) which produces a broad
wavelength ultraviolet (UV) light, output range 340-800 nm. This passes through a
neutral density filter with between 5-50% transmission (Chroma Technology Group),
followed by an excitation filter, a dichromic mirror with an excitation and emis-
sion spectrum set to match the output of the fluorescent probe particles, and finally
through the objective to the sample. We use a 63× water immersion objective with
a high numerical aperture (N.A. 1.3, 1× optovar, Carl Zeiss AG) for all MPT experi-
ments. When the light interacts with the probe particle it fluoresces, and an electron
is excited to a higher energy level. The excitation releases a longer wavelength of
light which is then directed back through the objective, dichromic mirror, an emis-
sion filter, and finally to the camera. MPT experiments are recorded for 800 frames
at 30 frames per second for a total of 26.67 s.
Differential interference contrast microscopy
A Zeiss Axioplan 2 microscope is equipped with DIC optics, a Plan-Apochromat 63×
oil immersion objective lens (N.A. 1.4), and an oil immersion condenser (N.A. 1.4)
(Carl Zeiss AG) to image crystallized HCO. A MicroPublisher 5.0 Camera (QImag-
ing) and ImagePro Software (Media Cybernetics Inc.) are used to capture images.
After first optimizing exposure time and light intensity parameters with 10-bit dy-
namic range, images are captured and 8-bit images are rendered. All images are
edge-contrast enhanced with the unsharp mask function in Adobe Photoshop (Adobe
Systems Incorporated). All DIC images were taken by Seth Lindberg (Process and
Engineering Development, Procter & Gamble Co., West Chester, OH)
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Confocal laser scanning microscopy
Confocal laser scanning microscopy is used to verify the shape of synthesized polyamide
fibers. A VisiTech vt-eye (VisiTech International) is equipped with a λ=48 nm laser
and a 100× oil immersion objective lens. Images are taken at 512×512 resolution.
2.1.2 Multiple particle tracking microrheology
Multiple particle tracking (MPT) microrheology is a technique which allows for the
quantitative measurement of soft materials and Newtonian fluids. MPT is a passive
microrheological technique that tracks the movement of probe particle embedded
in the material [15, 19, 29, 31]. MPT characterizes gel material properties during
homogeneous and heterogeneous critical transitions. The ensemble-averaged mean-
squared displacement (MSD),
〈∆r2 (t)〉 = 〈∆x2 (t)〉+ 〈∆y2 (t)〉 (2.1)
where t is time, ∆x is the x-displacement, and ∆y is the y-displacement, is calculated
from the particle trajectories, Figure 2.1. The dotted line indicates where the mask
is placed to avoid edge effects of the camera. The MSD is related to diffusivity, D,
by
〈∆r2 (t)〉 = 2dDτα (2.2)
where d is the number of dimensions in which the probes are tracked. D, which is a
stochastic thermal property, is related to the mechanical property of mobility, M , by
D = kBTM (2.3)
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Figure 2.1: Particle trajectories for a sample of 0.5 µm probe particles in of water.
The dotted line indicates where the mask is placed to avoid edge effects of the camera.
where kBT is the thermal energy. This relationship is not limited to spherical par-
ticles, but any geometry that is experiencing Brownian motion in a fluid [16, 19, 22].
Stokes developed an equation for the motility of spherical particles, MS,
MS = (6piaη)
−1 (2.4)
where a is the particle radius and η is the viscosity of the fluid. Combining equations
2.4 and 2.3 results in a simplified version of the Generalized Stokes-Einstein Relation
(GSER), [16, 19,22]
D =
kBT
6piaη
(2.5)
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The Brownian motion of the probes is measured and related to material properties,
such as creep compliance J (t), by another version of the GSER,
〈∆r2 (τ)〉 = kBT
pia
J (τ) (2.6)
These equations are valid over all frequencies, as indicated by the correspondence
principle [134]. Probe particle positions through time need to be located and linked
to obtain particle trajectories. From these trajectories we can calculated the mean-
squared displacement.
The logarithmic slope of the MSD, α,
α =
d log(〈∆r2 (τ)〉)
d log(τ)
(2.7)
indicates the state of the material, FIgure 2.2 [32, 34, 135] α = 1 indicates Brownian
diffusion of probes in a viscous liquid. As a gel structure is formed the movement of
the probe particles is restricted and the value of α decreases and the particle is in a
viscoelastic material. When α → 0 the probe particles are completely arrested in a
network. Figure 2.2 shows representative curves for these three regimes. Comparison
of α to the critical relaxation exponent, n, determines the state of the material. n is
determined from time-cure superposition and will be discussed in depth in Chapter
3 [17, 37, 52, 104, 136–141]. α < n is a gel, α > n is a sol and α = n is the gel point
when the material transitions from a sol to a gel.
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Figure 2.2: (a) Mean-squared displacement curves of particles in fluid (red), viscoelas-
tic material (green), and gel (blue). (b) The corresponding single particle trajectory
for each state.
Multiple particle tracking analysis
The algorithms used to track particles in this thesis were developed by Crocker and
Grier and are maintained by Weeks [31, 142]. Figure 2.3 shows a sample image used
to track particles in water. Particles are located by their brightness weighted cen-
troid, Figures 2.3 b and c, and the location of each particle is stored. Once particle
positions are known, the same particles between frames are linked into a trajectory
of the particle position throughout the entire video, Figure 2.1. Locating and linking
the particles are done in a series of steps: image enhancement, finding particle lo-
cations, refining particle locations, separating noise, and finally linking the particles
into trajectories [31].
The first step is to remove distortions, such as geometric distortion, and noise from
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Figure 2.3: (a) Image of a sample of polymer solution with 0.5 µm probe locations
circled. (b) A zoomed in image of a single probe particle. (c) The pixel brightness
intensity as a function of x-direction.
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the background brightness from the original image capture. Geometric distortions are
caused by recording an image of a circular object with square pixels, Figure 2.3b [31].
The background is easily removed using
Aw(x, y) =
1
(2w + 1)2
w∑
i,j=−w
A(x+ i, y + j) (2.8)
where x and y are the particle positions, and Aw is a boxcar average over a region
2w+1 where we chose the integer w to be greater than the particle radius in pixels [31].
Digitation distortion has a random correlation length, λn=1 pixel. This noise can be
removed using a convolution with the Gaussian surface of a half width of λn,
Aλn(x, y) =
1
B
w∑
i,j=−w
A(x+ i, y + j) exp
(
− i
2 + j2
4λ2n
)
(2.9)
with the normalization
B =
[
w∑
i=−2
exp
(
−
(
i2
4λ2n
))]2
(2.10)
The ideal image for particle tracking occurs when taking the difference between Aw
and Aλn , where Aλn is unity [31].
Prior to determining particle locations a circular mask is placed over our image.
This removes any edge effects that may occur due to having a square 1024 × 1024
receptor on the camera and a circular mount on the microscope. This can lead to
stretching of particle images near the edges, thus creating an additional distortion.
We avoid this by placing a black mask over the edges of the image, leaving a circular
viewing area, Figure 2.3a.
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Next, particle positions are located. The brightest pixels in the frame are located,
and to ensure no particle has multiple pixels located, the brightness must be within
the top 30% of image brightness [31]. After all the brightest pixels are found, the
intensity of the pixels surrounding them by a distance w are checked to make sure
the pixel is indeed the brightest. w is chosen to be larger than the nearest neighbors,
again to ensure that there are no repeats.
Once a particle is located, the exact location is refined to the particle brightness-
weighted centroid to within 1/10th of a pixel [31]. The particle is originally found at
the coordinate (x, y), which is near the center of the particle, defined as (x0, y0). The
offset is then calculated to determine the brightness weighted centroid
x
y
 = 1
m0
∑
i2+j2≤w2
i
j
A(x+ i, y + j) (2.11)
where x and y are the offset and m0 is the moment of particle brightness, m0 =∑
i2+j2≤w2 A(x+i, y+j). The location is then refined as (x0, y0) = (x+w, y+y) [31].
The next step is to separate the particles that should be tracked from noise, such as
aggregations of particles and foreign materials in the video. This step also accounts
for changes in the z-direction. As the particle is located, moments of the particle
brightness distribution are also calculated. These moments are m0, as mentioned
above, and m2, which is given by
m2 =
1
m0
∑
i2+j2≤w2
(i2 + j2)A(x+ i, y + j) (2.12)
In the m0,m2 plane there is a clear clustering of spherical particles separate from
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aggregates and foreign objects. This allows us to distinguish real particles from
noise. Considerations for the change in particle brightness due to movement in the
z-direction are also taken. Crocker and Grier have done calibration experiments of
particles along the same z position. Particles are imaged using a stage that makes step
changes in the z-direction. The mean and standard deviation for the (m0,m2) at each
z position, zi, is calculated from the probability distribution function, P (zi|m0,m2)dz
[31]. The z-position is then calculated using
z =
∑
i
P (zi|m0,m2)zi. (2.13)
The final step is to link the particles between frames to create trajectories. This
is accomplished by identifying the most likely position of a particle in the previous
frame by taking into account the Brownian dynamics of noninteracting particles,
N [31]. The position of a particle in the previous frame is identified as the maximum
probability distribution of N particles diffusing a distance δ
P ({δi}|τ) =
(
1
4piDτ
)N
exp
(
−
N∑
i=1
δ2i
4Dτ
)
(2.14)
where D is the diffusivity and τ is the lag time.
Drift Correction
Drift is a common error in microrheology experiments. This type of error occurs
when probes are translating across the field of view of the camera, and thus a not
only experiencing thermal motion. If the drift is obvious during the experiment, these
samples are removed. Otherwise, drift is identified by α > 1. To correct for drift, the
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Figure 2.4: (a) Drift in the x and y displacements in a sample of water measured with
multiple particle tracking microrheology. (b) Measured and drift corrected mean-
squared displacement curves.
average movement of the probes in both the x and y directions is calculated, Figure
2.4a. This collective motion can then be subtracted from the particle displacements
prior to calculating the MSD, Figure 2.4b.
Static & Dynamic Error
The analysis of static & dynamic error was first introduced by Savin and Doyle [133].
Static error is a function of the equipment used in the microrheology experiments.
This error is caused by the ability of the apparatus to locate the exact position of
the particle. The actual position of the static particle, xˆ(t) is offset by the image
position, x(t) by random error χ(t) [133]
xˆ(t) = x(t) + χ(t). (2.15)
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Figure 2.5: Static and dynamic error in a 75% glycerol solution with 1.0 µm particles.
Videos recorded at different exposure times between 700-10,000 µs.
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This value can be determined by careful calibration and removed from measurements.
Particles are tracked while in a completely arrested state and the MSD is calculated
from the trajectories. The intercept of the MSD is a constant value of static error,
and can then be subtracted from future mean-squared displacements [28].
Dynamic error is caused by the movement of the probes in the sample. It is a result
of the exposure time, σs, required to measure the position of a probe particle. The
particle is in motion during the time required to record the probe particle, and therefor
a larger exposure time will increase the dynamic error. Savin and Doyle modeled on
dynamic error corrections in fluids with known properties [133]. A calibration can be
done if a known fluid is used to determine the settings which will cancel the static
and dynamic error, and minimize the error in the system.
Calibrations are done using glycerol as the known fluid. Videos are recorded at
different exposure times for a 75% glycerol solution, Figure 2.5. We find that there
is minimal error when using a shutter speed of 1,000 µs. A constant frame rate of 30
frames per second is used for all measurements. The amount of static and dynamic
error is particle size dependent, as larger particles will have less motion. There is very
little error associated with 0.5 µm particles, while 2.0 µm particles have noticeable
subdiffusive motion at short lag times.
2.1.3 Bulk rheology
Bulk rheological experiments determine viscosity and frequency dependent material
properties. Two different rheometers are used in the experiments. The viscosity a
poly(ethylene glycol) solution is measured on a strain controlled AR 2000 ex rheome-
ter (TA Instruments) with a 0.29◦ 60 mm cone and plate geometry with a solvent
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trap. The truncation gap is 13 µm. All other bulk rheology experiments are com-
pleted on an AR G2 rheometer (TA Instruments). Two different geometries are used,
a 2◦ 60 mm cone and plate geometry at a gap of 54 µm and a 2◦ 20 mm cone and
plate geometry with a truncation gap of 51 µm.
2.2 Microfluidic device design & theory of opera-
tion
Portions of this section appear in previous publications and are reproduced with the
permission from: Wehrman, M. D.; Milstrey, M. J.; Lindberg, S; and Schultz, K.
M. Lab on a Chip, 2017,17, 2085-2094. Copyright 2017 Royal Society of Chemistry;
and Wehrman, M. D.; Milstrey, M. J.; Lindberg, S; and Schultz, K. M. JoVE , 2018.
Copyright 2018 Journal of Visualized Experiments. For a full video of the microfluidic
device operation, visit https://www.jove.com/video/57429?status=a59435k.
In this section we describe a microfluidic device that enables multiple cycles of
phase transitions on a single soft matter sample by exchanging fluid around the sam-
ple. The sample is measured using microrheology, and this combination of microflu-
idics and microrheology is known as µ2rheology. In this device the fluid surrounding
the sample is exchanged while the sample is simultaneously locked in place enabling
multiple phase transitions on a single sample while minimizing shear stress. This
design uses the principles of several well know particle and cell trapping methods
to “trap” a sample using converging microfluidic streams that create equal pressure
around the sample [143–146]. Our design scales up these classic devices to enable
characterization of a sample volume on the order of 10 µL while simultaneously
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changing the sample environment to initiate a phase transition. Additionally, mi-
crorheology measures the dynamic material properties throughout each transition.
Previous studies have also used microfluidics to exchange solvent conditions by us-
ing diffusion through a semi-permeable membrane [147]. This elegant design is more
complex than the one presented here. It minimizes shear relying on diffusion for
fluid exchange but is limited to monodisperse colloidal systems and the time scale of
solvent exchange is greatly increased.
Microfluidic device design
The microfluidic device is designed to enable consecutive phase transitions and mi-
crorheological measurements of material properties on a single sample while minimiz-
ing shear stress. The microfluidic device is shown in Figure 2.6, and has a two layer
design. The first layer consists of a sample and suction chamber connected by 1 mm
channels. This layer is attached to a 75×50 mm glass slide with thickness of 0.15
mm, enabling video microscopy data acquisition. The second layer is a simple basin
located above the sample chamber, which is used to hold the fluid that surrounds the
sample.
In the bottom layer, two 10 mm diameter chambers are connected to each other
by two long 1 mm diameter channels. The sample is injected into the center of the
sample chamber through a 0.5 mm diameter channel, and the channel is then blocked
for the remainder of the experiment. The second layer is the solvent basin, a small
(approximately 1 mL) basin for holding the fluid that surrounds the sample. Six
evenly spaced 0.5 mm diameter channels, Figure 2.6b, connect the solvent basin to
the sample chamber. The symmetry in position of these channels (each 60◦ apart)
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Figure 2.6: (a) Image of the microfluidic device, consisting of two layers of molded
PDMS, that locks a sample in place while the surrounding fluid is exchanged. The
first layer has a sample and suction chamber. Above the right circular portion a
second layer of PDMS is adhered to the device to act as a basin for solvents. (b) The
sample is placed in the center of the sample chamber through the middle channel.
The symmetry of channels entering the sample chamber creates equal pressure on the
sample, locking it in place during fluid exchange. (c) Schematic representation of the
first layer of the microfluidic device with dimensions.
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ensures that any flow into the sample chamber will place even pressure on the sample.
Even pressure on all sides and no other flows in the device ensure that the sample
material is locked in place. This is especially crucial after degradation, when the
material is a sol.
Two methods are used to start the exchange of fluid in the sample chamber. The
first method exploits density differences in the fluids. When the fluid in the solvent
basin is more dense than the fluid in the sample chamber simple gravity flow is used
to exchange fluids. In gravity flow, exchange happens spontaneously, and no outside
work is needed.
The second method is used when the new surrounding fluid is less dense than the
fluid in the sample chamber. A suction chamber is designed into the device and when
suction is applied any material in the solvent basin will be pulled into the sample
chamber. The suction chamber has the same dimensions as the sample chamber, but
only one 0.5 mm channel and no solvent basin. The suction chamber dimensions were
designed to equalize pressure in the channels connected to the sample chamber, once
again ensuring equal pressure on all sides of the sample during solvent exchange.
Device fabrication
The device is made from two layers of PDMS with the first layer patterned by a
master stamp, and the second cut from unpatterned PDMS using a biopsy punch.
The stamp for the bottom layer is made on a large glass slide sized 75 × 50 × 1
mm (Fisher Scientific) and patterned with a thiol-ene resin (Norland Products Inc.)
following the fabrication method developed by Schultz and Furst [148–152]. The
microfluidic design is first printed on a transparency that sets the channel length and
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width. UV curable resin is then poured onto a transparency with 1 mm glass spacers.
A large glass slide is placed on spacers in contact with the resin. The design negative
is placed overtop of the glass slide and exposed to UV light at a wavelength of 365 nm
(Spectroline). The height of the channel is controlled by the UV exposure time [152].
For the devices used in this work, the stamp is exposed for 45 s resulting in a 1 mm
channel height. The glass slide, now with cured UV resin as well as excess unreacted
resin, is removed from the UV source and washed with ethanol (Fisher Scientific),
acetone (VWR Analytical) and water. Finally, the stamp is post cured using the UV
source for at least 30 mins to ensure complete reaction.
Two master stamps are placed in a 150 mm petri dish (Falcon) and PDMS (DOW
Corning) is poured over the stamps. The PDMS is made in a 10:1 silicone elastomer
base to curing agent ratio and mixed thoroughly. The mixture is degassed, poured
over the stamps, and cured at 55◦C overnight.
Once cured, the PDMS is cut from the stamp, and 0.5 mm holes are cut into the
ends of each channel, one in the suction chamber, and seven in the sample chamber
using a biopsy punch. Six of the seven holes in the sample chamber are cut along the
wall of the sample chamber evenly spaced 60◦ apart by placing a pattern beneath the
sample chamber. The last hole is cut into the center of the chamber, and is only used
for inputting the sample before it is blocked.
The next step is to attach the patterned PDMS to a glass slide using plasma treat-
ment, a well documented technique [153,154]. The glass slide is custom manufactured
to have a thickness of 0.15 mm to enable imaging with the high numerical aperture
objective used to capture microrheology data. The PDMS and glass slide are plasma
treated and attached to form a seal. Stainless steel connectors with an inner diameter
38
(I.D.) of 0.603 mm and length of 7.5 mm (New England Small Tube Corp.) connect
Tygon tubing with an I.D. of 0.794 mm (McMaster Carr) to the device.
PDMS has a porous structure, and to prevent loss of sample during experimen-
tation the inner walls of the device are coated with glass [151,152,155]. The coating
allows the sample to remain within the chamber for long periods of time without
solvent uptake into the PDMS. Samples have successfully remained in the chamber
for up to 48 hrs without solvent uptake into the PDMS. A preconversion solution is
made of 25% by volume of each ethanol, pH 4 water and hydrocholric acid (Ricca
Chemical Company), methyltriethoxysilane (Acros Organics), and tetraethoxysilane
(Alfa Aesar) for the glass coating of the PDMS walls. This solution is oligamirized by
microwaving for 10 s, and heating overnight at 80◦C. This step converts the ethoxy
groups to hydroxyl groups, making it reactive with the plasma treated surface of
the PDMS. Immediately after plasma treatment, this preconverted fluid is pumped
through the device with a syringe while in contact with a 100◦C hot plate. The heat
from the hot plate and the residence time of the preconverted fluid determines the
thickness of the glass layer [155]. Preconverted fluid is pumped through the device
for about 10 s in these experiments. To remove any unreacted preconverted fluid,
the channels are rinsed with 10 mL chloroform (Fisher Scientific) and then 30 mL
ethanol (Fisher Scientific). Finally, air is pumped through the device to remove excess
ethanol.
The second layer of the microfluidic device is added last. An unpatterned piece of
PDMS is cut into a square approximately 3 cm × 3 cm, and an 8 mm biopsy punch
is used to cut a large enough space to completely cover the sample chamber in layer
1. This piece of PDMS and the microfluidic device are plasma treated and the second
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layer is attached to the first layer over the sample chamber. The second layer can
now hold solvent above the sample chamber enabling exchange of fluids. Finally, two
1 mm thick glass strips are adhered to the bottom of the device using thiol-ene resin
to stabilize the device and reduce vibrations during data collection on the inverted
microscope.
Theory of operation
This microfluidic device is designed to exchange fluids of different densities around
a single sample to induce repeated phase transitions. A goal of the microfluidic
device design is to limit the shear stress on the sample during fluid exchange, limiting
the change in inherent gel structure during these dynamic transitions. To ensure
that this design can effectively change the fluid environment and limit shear stress,
an engineering estimate of the shear stress the sample experiences for both fluid
exchanges is calculated.
Spontaneous fluid exchange occurs when the sample is surrounded by the lower
density solution and the higher density solution is placed in the solvent basin, Figure
2.7a. A series of equations describes the flows in the microfluidic device for this
experimental process. Specific calculations are done for the model hydrogenated
castor oil system for which this device was developed. In this system, the higher
density solution is the gelling agent and the lower density solution is water.
Here we assume that the flow of material is modeled as the flow in an expanding
pipe, with the velocity of the higher density solution entering the sample chamber
equal and opposite to that of the lower density solution rising into the solvent basin.
Starting with the velocity of fluid in the solvent basin channels, and adding a friction
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Figure 2.7: Schematic representation of fluid velocities in the sample chamber during
fluid exchange. (a) Spontaneous fluid exchange, where fluid flow is based on a density
gradient between higher (gray) and lower density solutions (white). (b) Velocities
from the solvent basin into the sample chamber and (b) velocities leaving the sample
chamber into the side channels during suction flow. (d) Flow diagram of the device
for removal of the higher density fluid and addition of the lower density fluid, with
the control volume outlined by a dotted line. Suction is applied far from the sample
chamber with a constant supply of water in the solvent basin.
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factor to account for the expansion of a pipe, he, the final velocity of higher density
solution in contact with the sample is obtained.
The velocity of the fluid in the channels between solvent basin and sample cham-
ber, v1, is described by a simplified Bernoulli Equation,
v1 =
√
2ρ1gh
(ρ1 + ρ2)
(2.16)
where P is the pressure, ρ is the density, v is velocity, g is gravity, and h is the
height [156]. The subscript 1 denotes the higher density fluid and 2 denotes the
lower density fluid in the channels above the sample chamber. For the HCO system,
using the densities of gelling agent and water, ρ1 =1.13 g/cm
3 and ρ2 =1.0 g/cm
3
respectively, and the height of the channel, 5 mm, the calculated velocity of gelling
agent in the channel is v1=0.23 m/s, Figure 2.7a.
A momentum balance is simplified due to laminar flow during fluid exchange and
negligible height and pressure gradients and work done on the fluid. The simplified
momentum balance is used to determine the velocity of fluid in contact with the
sample, Figure 2.7a (
v23,avg − v21,avg
)
+ he = 0 (2.17)
where subscript 3 denotes the velocity of higher density fluid entering the sample
chamber. In Equation 2.17 the friction factor, he, for the expanding pipe is calculated
by
he =
(
1− A1
A3
)2 v21
2α
(2.18)
where A1 and A3 are the cross sectional areas of the channels (between the solvent
basin and sample chamber) and the sample chamber, respectively, and α is a constant
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based on the type of flow. α=0.5 for laminar flow and α=1 for turbulent flow [157].
The Reynolds number is calculated for pipe flow, Re=ρur
µ
, with Re=10 for flow in the
channels exiting the sample chamber and Re=0.52 for flow in the sample chamber,
which are well within the laminar flow region. For our device, we calculate the cross
sectional areas as A1 = 0.2 mm
2 and A3 = 78.5 mm
2 from the diameter of the channels
and the sample chamber, respectively. The friction factor for our system is he = 0.05
m2/s2, and the velocity of fluid entering the chamber is v3 = 0.016 m/s.
To determine the shear stress on the sample we assume a no-slip boundary con-
dition at the bottom of the sample chamber. The shear stress, τ , is calculated using
τ = µ
δv
δy
(2.19)
where µ is the fluid viscosity and δy is the displacement of the fluid in the y direction.
We use the previously calculated value of v3, the measured viscosity of the gelling
agent, µ=0.15 Pa·s, and the height of the chamber, δy=1 mm to determine the shear
stress on the sample. The final shear stress during solvent exchange from the lower
density fluid, water, to the higher density fluid, gelling agent, is τ=2.4 Pa.
Previous bulk rheology experiments determined the elastic modulus of the de-
graded HCO system to be 4 Pa. While the values of shear stress and the equilibrium
modulus are comparable, the calculated shear stress exerted on the sample is at the
edge of the sample chamber and is the maximum applied to the sample. Addition-
ally, experimental MPT results determine a difference in the equilibrium properties
of sheared samples compared to non-sheared samples, indicating that fluid exchange
does not affect the microstructure of the material. This will be further discussed in
the Chapter 6.
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The other solvent exchange method is changing the surrounding fluid from a
higher density solution to a lower density solution, which requires suction through
the suction chamber. In these experiments, the gelling agent is replaced by water in
the solvent basin and a suction is applied in the suction chamber at a flow rate of
QS=1 mL/min, Figure 2.7 b-d. In this figure, QS, QC and QB are the total flow rate
from the suction, in the channels and between the solvent basin and sample chamber,
respectively. There are four different velocities for this calculation, v4 is the velocity
in the channel above the sample chamber, v5 is the velocity into the sample chamber,
v6 is the velocity exiting the sample chamber through the side channels, and v7 is the
velocity in the side channels, 2.7b.
To calculate the shear stress on the sample during this solvent exchange we need to
consider the fluid entering and exiting the sample chamber. Flow rates in the channels
are calculated using the equation QS = 2QC = 6QB, this relation is determined from
geometry and the suction flow rate. For HCO experiments, this equation determines
v4 = 0.014 m/s and v7 = 0.011 m/s. The model for the fluid entering the sample
is a pipe expansion described by Equation 2.17 above. In this equation subscripts 1
and 3 are replaced by 5 and 4, as shown in Figure 2.7 b and c. The values calculated
for water entering the chamber are he = 0.0002 m
2/s2 calculated by Equation 2.18
resulting in v5 = 0.001 m/s.
The fluid exiting the chamber is modeled as flow in a contracting pipe. The
friction factor, hc, for a contracting pipe is calculated by
hc = 0.55
(
1− A1
A2
) v26
2α
(2.20)
where v6 is the velocity of fluid out of the sample chamber. Using Equation 2.20 hc
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= 0.006 m2/s2 and v6 = 0.011 m/s for exchange of gelling agent to water surrounding
the HCO. The shear stress on the sample during exchange of higher density fluid to
lower density fluid is calculated with Equation 2.19, where δv = v6− v5 and δy is the
height of the chamber. The resulting shear stress on the sample is τ = 0.07 Pa. The
magnitudes of shear stress can be reduced to adapt the device to other systems by
controlling suction flow rate, density of exchange fluid, and channel height.
2.3 Materials
The materials used in colloidal and polymeric gelation are discussed in this section.
2.3.1 Microrheology
Polystyrene Microspheres
0.5, 1, and 2.0 µm Fluoresbrite R©YG fluorescently labeled carboxylated polystyrene
probe particles (Polysciences, Inc.) are used in all microrheology experiments. Par-
ticle diameters are 2a=0.53±0.01, 2a=1.02±0.02, and 2a=1.83±0.05 µm for 0.5, 1.0,
and 2.0 µm, respectively, and are concentrated at 2.5% solids/volume. The yellow
green fluorescent label has an excitation maximum wavelength of 441 nm and an
emission maximum wavelength of 486 nm.
For HCO colloidal experiments, bovine serum albumin (BSA) (Sigma Aldrich) is
grafted to the outside of the probe particles to prevent interaction between probe
particles and the fibers [33]. The length of the grafted BSA is much smaller than the
diameter of the probe particles and therefore does not significantly change the probe
size. Probes are grafted with BSA by incubation overnight in a 5 mg/mL solution of
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BSA in pH 7.4 phosphate buffered saline (Gibco), and then washed 3× by dilution
and centrifugation (Eppendorf) at 5000 RPM for 15 min and sonicated at 40 kHz
(Branson) for 15 minutes to redisperse. Sonication settings were chosen to ensure the
probe particles did not reach the energetic minima for irreversible aggregation.
For polymer experiments, carboxylated probes are washed 3× by dilution with
deionized water (Milli-Q Advantage) and centrifugation to remove surface impurities
and then sonicated in a bath sonicator for 15 min. The final concentration of probes
in solution is 0.025%. This concentration is picked to obtain enough particles for
accurate statistics while preventing oversaturation of the video.
2.3.2 Colloidal gelation
Several different colloidal fibers are investigated in this thesis. Hydrogenated castor
oil was supplied by Procter & Gamble Co., while we fabricated polyamide fibers at
Lehigh University. The synthesis procedure for both fibrous materials is descibed here,
as well as the gelling agent and a poly(ethlyene oxide) solution used as a depletant.
Hydrogenated castor oil
Castor oil is a vegetable oil extracted from the seed of Ricinus communis [89]. This
triacylglycerol has both a carboxyl group and a highly reactive hydroxyl group, as
well as a point of unsaturation which can be removed by hydrogenation [89]. The
waxy hydrogenated castor oil (HCO) product is made following previously published
protocols [93,158]. HCO is formed by hydrogenation, a reduction with hydrogen [89].
HCO was purchased in flake form (Peter Cremer North America) A crystallized form
of HCO is made by heating a neutralized 16% active linear alkylbenzene sulfonate
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20 µm 
Figure 2.8: DIC image of a 0.6 wt% HCO gel.
(LAS) (Procter & Gamble Co.) to 92 ◦C and adding 1 g of HCO for every 20 g
of solution under agitation. LAS was neutralized using sodium hydroxide (Fischer
Scientific), and agitation was added by a benchtop mixer (IKA) equipped with a
pitch blade turbine agitator at 300 RPM. This causes the HCO to be solubilized
into the aqueous surfactant solution. A cooling step completes the process, and the
cooling temperature determines the type of crystal formed. HCO is crystallized from a
micellar surfactant solution and forms fibers of similar dimensions [93]. The material
used in this thesis is held at 92 ◦C for 5 min under agitation to remove any crystal
memory, and then cooled at 1 ◦C/min, resulting in fibrous crystals with high aspect
ratio ranging from 50-2500, corresponding to a width of 20 nm and lengths ranging
from 1-50 µm [92]. Colloidal particles with aspect ratios in this range can be classified
as rods or fibers, but for clarity all particles will be identified as fibers. The percent
of fibrous crystals is estimated to be greater than 95% by relating light microscopy
images to volume percent, as described by Russ and Denhoff [159]. A DIC image of
a diluted 0.64 wt% HCO sample is shown in Figure 2.8. Crystallized HCO gel and
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surfactant are supplied by Procter & Gamble Co.
HCO goes through degradation and gelation in response to an osmotic pressure
gradient made by contacting the scaffold with either water or a water-starved hy-
drophilic liquid. The transition of the gel will depend on the difference in osmotic
pressure and the yield stress of the gel. If the yield stress of the gel is less than the
osmotic pressure gradient, degradation will occur. When the gel is contacted by wa-
ter, the osmotic pressure gradient between the gel (80 wt% water) and water causes
the gel to degrade. Gelation is induced by contacting a dilute HCO solution with a
hydrophilic fluid which pulls water out of the HCO solution and drives the colloids
to associate into a gel.
Gelling agent
The hydrophilic fluid, known as the gelling agent, is supplied by Procter & Gamble,
and is a proprietary material. This fluid consists of 6% water, 27% LAS, 27% glycerin
and 40% proprietary hydrophilic materials. This material is investigated by bulk
rheology to find the viscosity and any frequency dependent properties. The viscosity
is determined to be 0.15 Pa·s and there are no elastic properties, Figure 2.9.
Polyamide
The model fiber system, polyamide, reported by Wilkins et. al. is also synthesized [1].
Polyamide is a thixotrope used commercially as an additive for paints and primers [1].
Derived from petroleum, it has been shown as an ideal material to use as a model
system for the study of fibrous colloidal gels due to its wide range of uses and ease of
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Figure 2.9: Bulk characterization of the gelling agent.
acquisition. Additionally, the aspect ratio is easily adjustable, and interaction poten-
tials can be adjusted by the addition of a depletant such as a polymer. Polyamide is
stable as an aqueous suspension due to aggregation and entanglement of rods and is
well density matched to water [115,160].
A similar process as the HCO can be used to form large aspect ratio polyamide
fibers. The suspensions consist of polyamide (King Industries), LAS, and water with a
a b 
10 µm 
Figure 2.10: Confocal images of polyamide fibers.
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final mass ratio of 1:16:83, respectively, and are made in 5 mL batches. The mixtures
are gently mixed at 10 RPM overnight to completely dissolve the polyamide. The vials
are then suspended in an oil bath at 100◦C for 15 min. Once cooled, the suspension
is separated into 1.5 mL aliquots in 1.6 mL centrifuge tubes and centrifuged at 10,000
RPM for 24 hrs. After centrifugation, the supernatant is decanted off using a pipette
and the suspensions are rotated on a slow turner, 10 RPM, to homogenize. The
centrifugation step allows the material to enter the nematic phase. CLSM images of
polyamide are shown in Figure 2.10
Polymer depletant
Large chain polymers can be used to increase attractive forces between colloidal parti-
cles [161]. When the size of the polymer is larger than the distance between the fibers,
an attractive force, known as the depletant interaction, arises due to the excluded vol-
ume of the polymer. The strength of the depletant interaction is dependent on the
size of the polymer chain and its concentration [161]. Poly(ethylene oxide) (1,000,000
g mol−1, Fisher Scientific) is used as a depletant in the polyamide system.
2.3.3 Polymeric hydrogels
Polymer gels consist of two polymers, a backbone and a cross-linker. The cross-
linker is a linear poly(ethylene glycol) (PEG) with molecular weight 1,500 g mol−1,
end-functionalized with dithiol (JenKem Technology). The backbone is a four-arm
star PEG with molecular weight 20,000 g mol−1 functionalized with maleimide for
step-growth reactions and acrylate for chain-growth reactions (JenKem Technol-
ogy). The step-growth reaction (maleimide-thiol) forms a self-assembling hydrogel,
50
requiring only mixing to initiate the reaction. An acidic buffer (pH 4.5, 70 mM
acetic acid solution (Thermo Fisher Scientific) and 30mM sodium acetate solution
(Thermo Fisher Scientific)) is used to slow the 3 wt% maleimide-thiol gelation in
order to obtain more samples throughout gelation. The adjustment of the reac-
tion time for this scaffold will not impact the final results of the scaffold structure,
since these are only a function of the precursor molecule size and the polymeric
interactions [17, 34, 37, 52, 104, 136–141, 152, 162]. The scaffold that undergoes the
chain-growth reaction (acrylate-thiol) is photopolymerized. Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) is used as the photo-initiator and the reaction is
initiated by UV light (89 North, Inc.) [163].
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Chapter 3
Dynamic investigation of
cross-linking polymeric gels above
and below the overlap
concentration
3.1 Introduction
This chapter describes the microstructure of a cross-linked polymer hydrogel while
varying gelation mechanism and polymer concentration measured using multiple par-
ticle tracking microrheology (MPT). Portions of this chapter appear in a previous
publication and are reproduced with the permission from Wehrman, M. D.; Leduc,
A.; Callahan, H. E.; Mazzeo, M. S.; Schumm, M.; and Schultz, K. M. AIChE J, 2018,
62 (2), 437-446, 2018. Copyright 2018 American Institute of Chemical Engineers.
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In this chapter we describe the effect of backbone concentration and reaction
mechanism on the final structure of a gel scaffold. The structure characterized in
this chapter is the mesoscale structure of the hydrogel scaffold. Polymer interactions
are tuned by changing the concentration of the backbone molecule, four-arm star
poly(ethylene glycol) (PEG). First, the overlap concentration is measured using bulk
rheology and microrheology. The measured value agrees well with theoretical calcu-
lations. Using a four-arm star PEG backbone and linear PEG cross-linker, the effect
of polymer interactions on the gel structure are determined by measuring gelation
of scaffolds with backbone molecule concentrations below, at and above the overlap
concentration. Additionally, polymer functionalities are changed to investigate how
the gelation mechanism changes the structure of the scaffold. Step- and chain-growth
reactions are measured throughout gelation using MPT microrheology. Using time-
cure superposition (TCS) to analyze MPT data, we determine the critical relaxation
exponent, n, which determines the structure of the scaffold. These fundamental stud-
ies provide vital information which will further the engineering of polymeric scaffolds
for each unique application from synthetic scaffolds for biomedical applications to
effective additives during enhanced oil recovery.
3.2 Materials & Methods
3.2.1 Materials
Polymer gels consist of two polymers, a backbone and a cross-linker. The cross-
linker is a linear poly(ethylene glycol) (PEG) with molecular weight 1,500 g mol−1,
end-functionalized with dithiol (JenKem Technology). The backbone is a four-arm
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star PEG with molecular weight 20,000 g mol−1 end-functionalized with maleimide
for step-growth reactions and acrylate for chain-growth reactions (JenKem Technol-
ogy). The step-growth reaction (maleimide-thiol) forms a self-assembled hydrogel,
requiring only mixing to initiate the reaction. An acidic buffer (pH 4.5, 70 mM
acetic acid solution (Thermo Fisher Scientific) and 30mM sodium acetate solution
(Thermo Fisher Scientific)) is used to slow the 3 wt% maleimide-thiol gelation in
order to obtain more samples throughout gelation. The adjustment of the reac-
tion time for this scaffold will not impact the final results of the scaffold structure,
since these are only a function of the precursor molecule size and the polymeric
interactions [17, 34, 37, 52, 104, 136–141, 152, 162]. The scaffold that undergoes the
chain-growth reaction (acrylate-thiol) is photopolymerized. Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) is used as the photo-initiator and the reaction is
initiated by ultraviolet (UV) light (89 North, Inc.) [163].
3.2.2 Methods
This section describes the methods used for characterization of the rheological prop-
erties and final polymer scaffold structure. A detailed description of multiple particle
tracking microrheology and time-cure superposition can be found in Chapter 2.
3.2.3 Multiple particle tracking microrheology sample prepa-
ration
Multiple particle tracking microrheology is used in conjunction with bulk rheology
to determine the overlap concentration of the four-arm star PEG backbone. Prior to
adding particles to the sample, 1 µm fluorescently labeled carboxylated polystyrene
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probes (2a=0.97±0.01 µm, Polysciences, Inc.) are washed 3× by dilution and cen-
trifugation at 5000 RPM for 5 min (Eppendorf) and sonicated at 40 kHz for 15 min
(Emerson Industrial Automation). These carboxylated particles are used because
they do not interact with the PEG molecules due to their negative surface charge.
Probes are embedded in the sample by addition of the particle solution to the pre-
cursor polymer solution prior to initiation of gelation.
Pre-gel solutions are injected into a sample chamber and sealed on both sides
using adhesive to ensure a completely sealed environment with no directed particle
motion (i.e. drift). The sample chamber is constructed from a bottom glass slide
with dimensions 25 × 75 × 1 mm (Thermo Fisher Scientific) with glass spacers
(h=0.16 mm) and a top coverslip with dimensions 22 × 22 × 0.16 mm (Thermo
Fisher Scientific). Due to the different driving forces of the gelation reactions, the
experiments are sealed with different adhesives. The maleimide-thiol reaction (step-
growth reaction) is sealed with a UV curable resin (Norland Products, Inc.). The
acrylate-thiol reaction (chain-growth reaction) is sealed with a two-part air curing
epoxy (Gorilla Glue Company).
Maleimide-thiol scaffolds gel spontaneously when the PEG-maleimide is mixed
with the PEG-dithiol. Polymer suspensions are prepared by mixing solutions of PEG-
maleimide, PEG-dithiol, probe particles and water. In order to control the gelation
rate, all solutions are placed in an ice bath for at least 30 min prior to mixing, and
the PEG-dithiol concentration is decreased for increasing concentrations of PEG-
maleimide. The maleimide-thiol ratios are 1:1.4, 1:1.1, 1:0.8 and 1:0.6 for 3 wt%,
7.5 wt%, 10 wt% and 18 wt% PEG-maleimide gels, respectively. The final probe
concentration in all samples is 0.052% solids per volume. Approximately 35 µL of
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the gel precursor solution is pipetted into the sample chamber, which uses capillary
forces to completely fill. A UV curable resin seals the chamber by exposure to UV
light at a wavelength of 366 nm (UVL-56) for approximately 1 min. This adhesive
is used due to its rapid cure time, which is advantageous since this scaffold rapidly
self-assembles. The UV curable resin is a thiol-ene chemistry and will cross-link with
some of the backbone molecules in our scaffold. The rapid gelation of the resin limits
this and all samples are taken in the middle of the sample chamber, ∼11 mm from the
edge with UV resin. There is no change in the gelation reaction due to the use of this
resin determined experimentally by MPT measurements. The experiment is repeated
using a two-part air cure epoxy that is not reactive with the backbone polymer, and
no changes in scaffold gelation are measured.
Acrylate-thiol scaffolds undergo gelation upon exposure to UV light. Due to this,
in addition to the solutions of PEG-acrylate, PEG-dithiol, probe particles and water,
LAP is included in the precursor solution at a concentration of 1.5 mM. The acrylate-
thiol ratios are 1.4:1 for each 3 wt%, 10 wt% and 18 wt% PEG-acrylate gels, and
neutral density filters (50% transmission, 10% transmission, and 5% transmission, re-
spectively) are used to limit UV light exposure during gelation. Since the mechanism
of curing for the UV resin is the same as the gelation reaction, to ensure that the
sample chambers are completely sealed prior to initiation of gelation, a two-part air
cure epoxy (Gorilla Glue Company) is used. The epoxy is premixed in a 1:1 ratio
and let set for 5 min before applying to the sample chamber. Allowing the epoxy to
partially set ensures no mixing of the precursor solutions with the epoxy solutions.
The sample chamber is placed in a dark area for 15 mins to ensure complete curing
of the epoxy. All MPT experiments are repeated 3× to ensure reproducibility.
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3.2.4 Bulk rheology
The viscosity of backbone solutions is determined using an Ares 2000 ex rheometer
(TA Instruments) with a 0.29◦ 60 mm cone and plate geometry with a solvent trap.
The truncation gap is 13 µm. The backbone solution concentration is varied between
6−65 wt%. Peak hold procedures, a flow experiment which holds shear rate constant
for a set amount of time, are used to measure the solution viscosity. The shear
rate is held constant at 2.9 s−1and temperature is held at 25◦C. All experiments
are completed in triplicate to ensure reproducibility. Viscosity measurements were
completed by Mark Schumm (P.C. Rossin College of Engineering, Lehigh University,
Bachelor of Science in Chemical and Biomolecular Engineering, 2017).
3.3 Results & Discussion
Multiple particle tracking microrheology is used to determine the change in rheological
properties and final gel structure when the concentration of the backbone molecule is
changed. This increase in concentration leads to molecular interactions, causing them
to overlap and, possibly, entangle. Overlap relates to the point the pervaded volume,
V , of the polymer coils begin to overlap [80]. V is related to the size of the polymer,
R, by V ∼ R3 and related to the by radius of gyration (the most probable position of
any point of the polymer from the polymer center of mass) by Rg ∝ R [71,77–79].The
overlap concentration of the backbone molecule is determined using a combination
of bulk rheology and microrheology. Both step- and chain-growth gelation reactions
are measured using multiple particle tracking microrheology. With this technique
we determine the final scaffold structure, and measure a change in structure due to
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polymer interactions. Determining the effect of polymer backbone concentration on
the gel structure will enable better design of these materials for applications that vary
from use in wells during enhanced oil recovery to use as physical mimics of native
tissue in tissue engineering.
3.3.1 Determination of the overlap concentration
The first step in determining the effect of backbone concentration on the structure of
the gel is to determine the overlap concentration of the four-arm star PEG backbone.
Since only the functional end groups of the polymer change between step- and chain-
growth reactions and the overlap concentration is only a function of polymer size,
only one overlap concentration is determined. In general, overlap concentration is
determined by measuring the zero-shear viscosity of a polymer solution at increasing
concentration. The specific viscosity,
ηsp =
η
ηsolvent
(3.1)
where η is the solution viscosity and ηsolvent is the solvent viscosity, is used to measure
c∗. In these samples, water is the solvent with a viscosity of 0.89 cP at 25◦. At c < c∗,
in the dilute regime, the specific viscosity has a slope of one on a log-log plot, log ηsp ∝
log c. The slope changes to two when the polymer is in the overlap regime, log ηsp ∝
2 log c. ηsp is measured as a function of concentration using both bulk rheology and
MPT for the four-arm star PEG molecule, Figure 3.1. The overlap concentration
is the concentration where the two lines that fit the dilute and semi-dilute regime
viscosity data are equal. The overlap concentration is determined experimentally
and is c∗=0.13 ± 0.04 g mL−1. Both measurement techniques show good agreement,
58
24
6
10
2
4
6
100
2
η
sp
2 3 4 5 6
10
2 3 4 5 6
c (wt%)
c*m1=1.03
m2=2.13
Bulk
MPT 
Figure 3.1: Overlap concentration of a four-arm star poly(ethylene glycol) molecule
with a molecular weight of 20,000 g mol−1 determined by plotting specific viscosity
versus four-arm star PEG concentration. Results are shown for both multiple particle
tracking microrheology and bulk rheology. The overlap concentration, c∗, is calculated
by fitting lines (black lines) to the two regions of viscosities, determined by a change in
logarithmic slope. There is good agreement between the two measurement techniques
and the theoretically calculated overlap concentration.
c∗MPT=0.13±0.04 and c∗Bulk=0.13±0.12. Due to the large error in bulk rheological
results, we use the value determined by microrheology, c∗MPT=0.13±.04.
The theoretical overlap concentration is also calculated and compared to the ex-
perimentally determined value. The overlap concentration is calculated using
c∗ =
M
4
3
piR3gNA
(3.2)
where M is the polymer molecular weight, NA is Avogadro’s number and Rg is the
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radius of gyration [71,77]. For a star polymer the radius of gyration is defined as
Rstarg = R
arm
g
[
3f − 2
f
] 1
2
(3.3)
where Rarmg is the radius of gyration for a single arm and f is the number of arms [164].
In this work, M =20,000 g mol−1, f = 4, Rarmg =2.2 nm which corresponds to
Rstarg =3.48 nm and c
∗ =0.18 g mL−1. This value agrees well with the experimentally
determined value. The entanglement concentration can also be estimated from the
equation
c∗∗ =
v(Ms/NA)
b6
(3.4)
where v is the excluded volume parameter, Ms is the monomer molecular weight and
b is the Kuhn length [77,165]. For this polymer c∗∗ =1.59 g mL−1, well above the con-
centrations used for this chapter and above the solubility limit of this molecule. Using
the experimentally determined value of c∗, we investigate the dynamic evolution of the
material during gelation using MPT below (3 wt% and 7.5 wt% (PEG-maleimide)),
at (10 wt%) and above (18 wt%) c∗.
3.3.2 Microrheological characterization of gelation reactions
The step- and chain-growth gels form through different mechanisms requiring a dif-
ferent driving force for gelation. The maleimide-thiol gels self-assemble through time
and the acrylate-thiol gels require UV exposure for gelation. Figure 3.2 is the change
in α versus the normalized time of reaction,
tnorm
t− t0
tf − t0 (3.5)
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Figure 3.2: Logarithmic slopes of the mean-squared displacement curves, α during
gelation of (a) maleimide-thiol step-growth and (b) acrylate-thiol chain-growth gels.
where t0 is the initial time measured and tf is the final time measured. The time of
gelation has been adjusted to enable collection of enough data throughout the reaction
to enable analysis by time-cure superposition. Therefore, the absolute time of gelation
is arbitrary but normalized time is comparable between scaffolds. The results show
that changing either the type of gelation or the concentration of PEG in the precursor
solution can have a noticeable effect on both gelation and the final structure of the
scaffold. Maleimide-thiol gels, which self-assemble through a step-growth reaction,
rapidly cross-link after mixing of the backbone and the cross-linker, Figure 3.2a. In a
step-growth reaction, successive reactions occur between maleimide and thiol groups
leading to a gradual cross-linking reaction [71]. For this reaction, only the 3 wt%
scaffold gelation time is slowed with acidic buffer. The reaction proceeds similarly for
all concentrations shown by the overlap of α values in Figure 3.2a.
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Of note in the results in Figure 3.2a is the starting value of α in the maleimide-
thiol networks. Due to a wait time between mixing the precursor solution and starting
to record data, combined with the rapid self-assembling gelation reaction, the first
measurements are not completely a liquid, α = 1. Instead, an amount of gelation has
already begun before data are collected. This will be described in more detail below.
The acrylate-thiol gelation curves show different assembly conditions with UV
exposure compared to the maleimide-thiol, Figure 3.2b. Initially, there is a lag in
gelation with UV exposure that is followed by rapid bond formation. Chain-growth
reactions occur with the production of a radical group and the addition of a bond
to the growing polymer chain. This lag in gelation is due to the initiation step
of the reaction where the concentration of radicals is increasing and then proceeds
rapidly until the reaction is complete. Acrylate-thiol networks gel more gradually
with increasing polymer backbone concentration and interactions. This is evident
in Figure 3.2b by the change in the slope of the α versus normalized UV exposure.
This slope increases as the concentration of the precursor solution decreases. At
high concentration this slope is smaller, indicating a gradual increase in network
connectivity. At lower concentrations the slope is steeper, indicating a more rapid
formation of cross-links.
Comparison of the two reactions shows that the mechanisms change how cross-
links and the network form during gelation. The maleimide-thiol reaction in Figure
3.2a has a gradual decrease in α over all times, indicating that there is immediate
change to the rheology due to cross-links forming. In contrast for the acrylate-thiol
gels, Figure 3.2b, α does not immediately change when exposed to UV light, but there
is a lag while the concentration of radicals increase and then once this concentration
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Figure 3.3: Non-Gaussian parameters throughout the gelation of acrylate-thiol and
maleimide-thiol gels plotted as a function of normalized time.
is high enough to start cross-linking there is a sharp decrease in α as the network
rapidly forms. This result matches the theory that chain-growth reactions will occur
rapidly but will make a more heterogeneous network while step-growth reactions will
occur steadily and result in a homogeneous network [75].
An additional analysis of the heterogeneities is completed by calculating the non-
Gaussian parameter [166–168],
αNG(∆t) =
〈∆x4(∆t)〉
3〈∆x2(∆t)〉2 − 1 (3.6)
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where ∆x is the 1-dimensional probe displacement in the x-direction. This value is
calculated at a given lag time (0.1 s) to determine the deviation of the one-dimensional
ensemble-averaged displacement from Gaussian behavior. Deviations from Gaussian
behavior are due to particles probing different microenvironments, indicating het-
erogeneity. An αNG value of 0 indicates a perfect fit to a Gaussian curve. αNG is
calculated throughout the gelation experiments for both step- and chain-growth and
shown as a function of reduced time, t
ttot
where ttot is the total time of the gelation,
Figure 3.3. There is a distinct difference between both the changes in concentrations
and in gelation mechanisms. 3 wt% gels have the lowest αNG values, and do not show
any an increase in heterogeneity after gelation, regardless of the gelation mechanism.
This is because there is very little polymeric interaction in the precursor solution,
limiting the development of heterogeneous environments during gelation. 10 wt%
gels show very little non-Gaussian behavior while in the sol phase, but develop a
more heterogenous structures after gelation. The maleimide-thiol gel (step-growth)
also has higher αNG values after gelation, indicating a more heterogeneous structure
when compared to the acrylate-thiol gels. 18 wt% gels also show an increase in αNG
during gelation, but have a lower final value than the 10 wt% gels. Again maleimide-
thiol gels have a larger value that the acrylate-thiol gels. During transitions entropy
reaches a maximum, which is measured at 10 wt%, which is the transition from the
dilute to the semi-dilute region. The 10 wt% precursor solution has attributes of both
the dilute (non-interacting polymers) and semi-dilute region (which has polymeric in-
teractions). The decrease in heterogeneity above the overlap concentration, 18 wt%,
is due to the restricted movement of the polymers in this concentrated solution during
polymeric interactions decreasing the entropy in the solution. For the samples that
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have measurable heterogeneity, the step-growth reaction (maleimide-thiol) always has
a more heterogeneous structure than the chain-growth reaction (acrylate-thiol).
3.3.3 Determination of gel structure using time-cure super-
position
Time-cure superposition (TCS) is the superposition of viscoelastic functions at dif-
ferent extents of reaction. TCS is used to analyze dynamic microrheological measure-
ments during gelation to determine the critical relaxation exponent, n [17,37,52,104,
136–141]. TCS is similar to time-temperature superposition, but relies on changes in
scaffold connectivity as opposed to temperature dependent friction [138]. At the gel
point, which is defined as the point the first sample spanning cluster forms, the creep
compliance, Jc(t) exhibits time independent scaling behavior
Jc =
sinnpi
Snpi
tn (3.7)
where n is the critical relaxation exponent and S is the gel strength in units of
(Pa·s−1) [169]. A more commonly used version of this relationship refers to the
frequency independent scaling behavior of the viscous (G′′) and elastic (G′) modulii,
G′(ω) ∼ G′′(ω) ∼ ωn (3.8)
This is also described when the loss tangent, tan δ,
tan δ =
G′′
G′
(3.9)
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is constant over all frequencies [141,170]. An analogous relationship can be described
in microrheology when the Generalized Stokes-Einstein Relation scales with the crit-
ical relaxation exponent at the gel point [17,135],
〈∆r2 (τ)〉 ∼ τn (3.10)
where 〈∆r2 (τ)〉 is the mean-squared displacement at a given lag time, τ , and n is
the critical relaxation exponent. Therefore, the critical relaxation exponent can be
used to determine the gel-sol transition by comparing n to the logarithmic slope of
the MSD, α = d log(〈∆r
2(τ)〉)
d log(τ)
. n also determines the structure of the scaffold and the
amount of energy that is stored or dissipated in the scaffold [20,34,104,140]. In this
way, n can be thought of as a complex modulus. When n < 0.5, the structure of the
gel is a tightly cross-linked network that readily stores energy. n > 0.5 is a loosely
cross-linked porous network that dissipates energy. The structure at n = 0.5 is similar
to the structure formed during percolation with equal ability to store and dissipate
energy [20,34,104,140,141].
MSD curves measure both the viscous and elastic response of the material over a
lag time, which is related to the longest relaxation time, τL. These curves are shifted
at the shortest lag times, 0.03 ≤ τ ≤ 1 s, which correspond to the longest relaxation
time of the polymers in the sol and network in the gel [137,138,141]. An example of
TCS for an 18 wt% acrylate-thiol gel (thiol:acrylate=1.4:1) is shown in Figure 3.4.
Measured MSD curves, Figure 3.4a, are shifted on both the lag time and MSD axis
into sol and gel master curves using time and MSD shift factor, a and b, respectively.
The master curves are set by the most sol-like sample and the most gelled.
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Figure 3.4: Gelation of an 18 wt% PEG-acrylate gel analyzed using time-cure su-
perposition. (a) Measured mean-squared displacement (MSD) curves for gelation
between 15− 36 min. (b) MSD curves are shifted into gel and sol master curves. (c)
Shift factors a and b diverge at the critical gelation time, tc = 30.1 min. (d) Fitting
logarithmic values of a and b versus the distance away from the critical gel time,
 = |t−tc|
tc
, determines scaling exponents y and z. These values are used to calculate
the critical relaxation exponent by n = z
y
.
67
In the sol curve, the first MSD measures a polymer solution with little to no cross-
linking. Following the sol master curve, the polymeric solution continues to cross-link
but has not formed a sample-spanning network cluster. Where these two master
curves meet is the gel point and the critical gelation time, tc. The corresponding α
value is the critical relaxation exponent, n [17, 37, 52, 104, 136–139]. The next MSD
measured in time measures the addition of cross-links to this sample-spanning network
cluster. Following the gel master curve, ends when probe particles are completely
arrested in the cross-linked gel network.
The shift factors are related to the critical scaling of the extent of gelation and
used to quantitatively determine n. The shift factors rapidly decrease at the critical
gel point due to the divergence of the viscosity in the sol and the equilibrium modulus
in the gel, Figure 3.4c [136]. The time shift factor relates the longest relaxation time
to the distance away from the critical extent of gelation,
 =
|t− tc|
tc
(3.11)
by a scaling exponent, y, where
a ∼ τ−1L ∼ y (3.12)
Likewise, the MSD shift factor relates the inverse of the steady state creep compliance,
J−1e , to  by a scaling exponent, z [17, 37,52,104,136–139],
b ∼ J−1e ∼ z (3.13)
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The ratio of the critical scaling exponent quantitatively determines the values of n,
by
n =
z
y
(3.14)
Figure 3.4d.
The acrylate-thiol scaffolds gel through a chain-growth mechanism. During gela-
tion, after UV exposure there is an initiation period. After 15 min of UV exposure,
the concentration of radicals has increased and the material begins to gel, but is still
in the sol phase with α = 1. As gelation continues and there are more cross-links,
the polymeric clusters continue to grow in the sol phase until 30 min of exposure. At
this point the scaffold has created its first sample-spanning cluster and transitions to
a gel. This occurs when α = 0.13. After an additional 6 min of UV exposure the
gel is completely cross-linked and α = 0. The shift factors are plotted versus UV
exposure in Figure 3.4c, and show the rapid decrease at the critical gelation time,
tc = 30.1 min. Plotting the log (a, b) vs. log (), Figure 3.4d, and fitting lines gives
the scaling exponents z and y and the critical relaxation exponent, n. For the 18 wt%
PEG-acrylate gel, y = 0.82± 0.09, z = 0.11± 0.01 and n = 0.13± 0.02. All gels are
analyzed using this technique and the results are compiled in Table 3.1.
Table 3.1 shows both the viscosity of the material at the first MPT measurement
and the n value of each scaffold. The ηsp values show a trend in both the concentration
of the PEG molecules and also in the type of cross-linking chemistry. The ηsp mea-
sured for 3 wt% experiments are equivalent and agree well with the values measured
by bulk rheology and microrheology used to determine c∗. As the concentration of
polymer increases we measure a difference between the maleimide-thiol and acrylate-
thiol gels. While acrylate-thiol gels continue to agree well with specific viscosities
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Figure 3.5: Mean-squared displacement (MSD) curves (a-d) and shifted MSD curves
(e-h) for maleimide-thiol gels during dynamic gelation. Scaffold are measured for a
range of concentrations of PEG-maleimide backbone, 3 wt% (a and e), 7 wt% (b and
f), 10wt% (c and g) and 18 wt% (d and h).
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measured with bulk rheology and microrheology collected of non-functionalized poly-
mers, the initial specific viscosity of the maleimide-thiol gels has much higher values.
This is due to the time between mixing the precursor solutions and the first data
collection. Since the maleimide-thiol reaction occurs spontaneously once the sample
is mixed, the material is already beginning to cross-link, causing an increase in the
measured viscosity. Using TCS we shift onto the most sol-like curve. Since the dy-
namics of the gelation reaction create a self-similar shape to the curves, the results
of TCS are not changed by the initial measurement capturing a material that has
started to cross-link.
Critical relaxation exponents of the gels are similar between the two gelation
mechanisms (step- and chain-growth). For each concentration, n values are within
error of each other between the reaction mechanisms. This indicates that although
there is a different mechanism for gelation, the final structure is the same. For gels
with the backbone precursor solution in the dilute regime, the structure of the gel is
a percolated network, n ≈ 0.5. This scaffold can equally dissipate and store energy.
At 7.5 wt%, the scaffold structure is more likely to store energy, as indicated by a
lower critical relaxation exponent, n = 0.28 ± 0.01. The decrease in n shows that
even below the overlap concentration the gel network has a change in structure with
increased concentration.
The value of n decreases as the backbone concentration is increased to the overlap
concentration. Scaffolds measured at 10 wt% are below the overlap concentration
if we only consider the average value, but this concentration lies within error of the
measured c∗, and is therefore considered at the overlap concentration. At 10 wt%, the
n value decreases substantially which is indicative of a tightly cross-linked network
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Table 3.1: Initial specific viscosities, ηsp and critical relaxation exponents, n, for each
concentration and type of gelation reaction.
Acrylate-thiol
concentration 3 wt% 7.5 wt% 10 wt% 18 wt%
ηsp 2.48± 0.02 9.02± 0.07 31.45± 0.23
n 0.44± 0.08 0.18± 0.05 0.13± 0.01
aleimide-thiol
ηsp 4.32± 0.03 72.79± 1.20 63.56± 0.72 158.22± 3.33
n 0.43± 0.09 0.28± 0.01 0.20± 0.02 0.11± 0.01
that stores energy. As the concentration of the backbone is increased above the
overlap concentration the value of n remains constant between the step- and chain-
growth gelation mechanisms. This indicates that the backbone polymer interactions
can affect network structure, while the gelation mechanism has little affect.
The critical relaxation exponents change dramatically in value for scaffolds formed
using different precursor backbone concentrations (c < c∗, c = c∗, and c > c∗). This is
due to the interactions of the backbone polymers that affect the structure during cross-
linking. These polymer interactions during cross-linking increase rigidity of the gel,
and lower the critical relaxation exponent. This is also illustrated in Figure 3.5 for the
maleimide-thiol gels and Figure 3.6 for the acrylate-thiol gels. As the concentration of
PEG backbone is increased there is a large decrease in α where the sol and gel master
curves meet, which is n. The precursor backbone concentration will also change the
final moduli of the scaffold. Previous work created maps of equilibrium gel properties
due to change in both the backbone and cross-linker concentration [34,37,152].
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3.4 Conclusions
Gels have a wide array of applications, ranging from synthetic biomaterial scaffolds
for wound healing to materials that decrease permeability in naturally fractured car-
bonates in enhanced oil recovery. Determining whether a scaffold has the appropriate
structure and properties is imperative to ensure the effectiveness of the material dur-
ing use. It is known that changing the concentration of polymer solutions causes a
change in polymer interactions. This has been well documented for many polymers
and quantified using the overlap, c∗, and entanglement, c∗∗, concentration. Similarly,
the mechanism of gelation also has the potential to change the final structure and
properties of these materials.
Using bulk rheology and multiple particle tracking microrheology, we successfully
determine the overlap concentration of our four-arm star PEG backbone molecule.
This value agrees well with theoretical calculations. We then design experiments
below, at and above the overlap concentration that use MPT to measure both step-
and chain-growth gelation reactions. MPT measures the gelation and determines the
critical relaxation exponent, n, a measure of the structure.
Despite the same size of backbone molecule, the change in polymer interactions
in the precursor solution results in different values of n that is independent of the
type of gelation reaction. The structure of a gel with backbone concentration well
below c∗ is a percolated-type structure. As concentration is increased, but still below
c∗, there is a change in the network structure to a more tightly cross-linked network,
indicated by the decrease in n. As the backbone concentration is increased to and
above the overlap concentration n decreases further. Scaffolds at and above c∗ have
the same n value, indicating that the structure changes due to backbone interactions
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but remains constant as the concentration increases but the polymeric interactions
remain the same. Both concentration and type of gelation reaction provide a large
parameter space for tailoring the structure and material properties. This adaptability
makes these gels widely applicable and understanding how to precisely engineer these
material properties will further enhance their use.
The methods described in this chapter are well documented for polymer systems.
In the following chapter, we will be investigating how these same techniques can be
used to quantify rheological properties of a colloidal gel.
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Chapter 4
Determining rheological and
material properties of
hydrogenated castor oil using
multiple particle tracking
microrheology
4.1 Introduction
This chapter describes the rheological properties and heterogeneous microstructures
of a fibrous colloidal gel measured by multiple particle tracking (MPT) microrheology.
Portions of this chapter appear in a previous publication and are reproduced with
the permission from Wehrman, M. D.; Lindberg, S; and Schultz, K. M. Soft Matter,
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2016, 12, 6463-6472. Copyright 2016 Royal Society of Chemistry.
In this chapter, we use the same microrheology techniques used to quantify the
cross-linked polymer scaffolds and instead characterize a heterogeneous fibrous col-
loidal gel. MPT data are collected at equilibrium and during degradation and gela-
tion of a hydrogenated castor oil (HCO) gel. During degradation and gelation, the
associated colloidal scaffold transitions through heterogeneous microenvironments.
Previous work in MPT has developed methods to measure heterogeneity within ma-
terials, this chapter expands on that work creating analysis techniques that max-
imize information from measurements of heterogeneous scaffold microenvironments
[21, 26, 33, 171, 172]. First, material properties are determined from the ensemble-
averaged mean-squared displacements (MSDs) of probe particles temporally during
transitions. This data is analyzed using time-cure superposition to determine the
critical transition time,tc, and critical relaxation exponent, n. Next, spatial and rheo-
logical heterogeneities are quantified. Using the developed analysis techniques, rheo-
logical properties of the heterogeneous scaffold are calculated and tracked throughout
the material transition. By quantitatively identifying heterogeneity we are able to
determine the extent these microenvironments change traditional ensemble-averaged
MPT measurements. We determine that scaffold heterogeneity does not significantly
change MPT measurements but heterogeneity analysis provides additional insight
into the evolving microstructure as the scaffold undergoes critical transitions.
4.2 Materials and Methods
This chapter uses multiple particle tracking microrheology, which is detailed in Chap-
ter 2.
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4.2.1 Hydrogenated castor oil degradation and gelation
HCO phase changes are induced by an osmotic pressure gradient in the sample en-
vironment. We investigate two different phase changes: degradation, when a 4 wt%
HCO gel is placed in a water-rich environment; and gelation, where a 0.125 wt%
HCO solution is put in contact with a hydrophilic material, known in this work as
the gelling agent. The gelling agent used in this work is a proprietary material sup-
plied by Procter & Gamble Co., and consists of 6% water, 27% linear alkylbenzene
sulfonate (LAS), 27% glycerin and 40% proprietary hydrophilic materials. These flu-
ids are used to either drive water into the gel (degradation) or to pull water out of
the sample (gelation) to induce a phase transition.
For degradation experiments, probe particles are embedded in the HCO gel at a fi-
nal concentration of 0.05% solids per volume and the probe/gel mixture is centrifuged
at 5000 RPM for 1 min to remove bubbles. We determine that centrifugation has no
effect on the individual fibers and gel structure. This is determined by measuring the
scaffold using bulk rheological characterization. Strain sweeps of the material with
and without centrifugation have no discernible difference, Figure 4.1. The shape of
the curve will be discussed later in this chapter. The gel-sol transition is observed
by placing a drop (approximately 100 µL) of gel/probe mixture on the bottom of
a microwell petri dish with a diameter D =35 mm, (MatTek Corp.). A chamber
is constructed over the solution using glass spacers on the sides of the droplet and
covering the droplet with a cover slip with dimensions 22×22×0.13−0.17 mm (Fisher
Scientific). This chamber is secured to the petri dish using a thiol-ene resin (Norland
Products, Inc.). Degradation experiments are initiated by filling the petri dish with
deionized water (∼ 4 mL).
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Figure 4.1: Bulk rheological characterization of an HCO gel with and without cen-
trifugation.
Alternatively, gelation is induced by first diluting the 4 wt% HCO gel with water to
0.125 wt% HCO and probe particles final concentration of 0.025% solids per volume.
Experiments are initiated by contacting the gel with the gelling agent in a sample
chamber. The sample chamber is created by securing 1 mm thick glass spacers to
a microscope slide (25×75×1 mm, Fisher Scientific Co.) and covering the chamber
with a cover slip (Fisher Scientific). The sample chamber is filled with diluted HCO
gel and the surfactant solution is added through a syringe with an 18 G needle (BD
PrecisionGlide). The chamber is sealed with thiol-ene resin to prevent drift in the
field of view.
Data for each experiment are taken at the same location throughout the duration
of the gel transition to track spatial heterogeneities within the sample. Data are
collected every 2.5 − 10 mins. Collection time intervals are determined by the total
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time for complete material transition to occur. Each experiment is repeated three
times to ensure reproducibility.
4.2.2 Bulk rheology
We use bulk rheology to measure the shear thinning behavior and equilibrium modulus
of the material as a function of colloid concentration. HCO samples are loaded onto
a bulk rheometer (AR G2, TA Instruments - Waters) and the elastic modulus, G′, is
measured with a 2◦ 20 mm cone and plate geometry at a gap of 51 µm. HCO gels
are measured using a strain sweep between 0.01− 100% strain at a constant angular
frequency of 6.28 rad/s [92]. HCO samples of concentrations of 1, 2, 3 and 4 wt%
are characterized at 25◦C. Experiments are conducted at these conditions to measure
both the linear viscoelastic regime as well as shear thinning at higher strains [92].
4.3 Results & Discussion
4.3.1 Bulk rheology
Using bulk rheological characterization we determine the equilibrium modulus of the
HCO gel and the strain percent where shear thinning occurs as a function of HCO
concentration. The 4 wt% gel has an average value of G′ = 405 Pa in the linear
viscoelastic regime, and the HCO gel begins to shear thin at 1 strain%, Figure 4.2.
As the gel is diluted the onset of shear thinning remains constant at 1 strain%, while
G′ decreases to 9.1 Pa for 1 wt% HCO. The shear thinning behavior is one feature
that makes HCO ideal for consumer and home care products.
Previous studies have shown that the rheology of fibrous systems is related to the
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Figure 4.2: Bulk rheological characterization of HCO gels as a function of concen-
tration (wt%). Both the linear viscoelastic and shear thinning regimes are measured
using a strain sweep at a constant angular frequency (6.28 rad/s).
structure of the colloidal network as a function of volume fraction, aspect ratio and
depletion interactions [1, 173, 174]. Three distinct regions have been documented for
fibrous systems: networks, bundles and dilute colloidal suspensions. The transition
point is a function of the aspect ratio of the fibers, while structure is dependent on
the volume percent of colloid. A transition to a more dilute system is accompanied
by a drop in G′ by an order of magnitude, which is measured in HCO when the
concentration is decreased from 2 to 1 wt%. However it is not clear how the bundling
of colloidal fibers affects the modulus through only bulk rheology [1]. To bridge this
gap, we use MPT to measure the structure-function relationship during the transition
region. The structure and properties will be further clarified in Chapters 6 & 7. Bulk
rheological measurements also verify that at low strains the HCO gel scaffold is in the
linear viscoelastic regime, which is where MPT measurements will be taken, Figure
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4.2. Next, dynamic degradation and gelation experiments are characterized using
MPT.
4.3.2 Temporal microrheological characterization
MPT characterizes the evolving material properties during degradation and gelation
of an HCO gel. The MSDs, Figure 4.3 a and c, and logarithmic slopes (α) of the
MSDs, Figure 4.3 b and d, are measured during degradation and gelation. Initially
during degradation ballistic motion, α > 1, is measured due to swelling of the gel
immediately after it is contacted with water. This ballistic motion is not in a con-
stant direction, and different microenvironments move apart in different directions
as the gel swells. Therefore, the drift in these samples could not be removed by the
normal drift correction techniques described in Chapter 2. Measurements begin at
10 minutes, after the gel is completely swollen and negligible drift is measured in the
probe particle movement. The ballistic motion is not seen in the gelation experiment.
The magnitude and logarithmic slope of the MSDs increases as the scaffold degrades,
and decreases as the scaffold gels.
Initially during degradation, α = 0.25, and increases to a value of 0.60 at 50 mins
and, finally, reaches a value of α = 0.78 at equilibrium at 120 mins. After 120 mins
the HCO gel has completely degraded and the scaffold has become a solution of HCO
colloids. The increase in slope during degradation indicates a change of state from a
gel, where α→ 0, to a viscoelastic fluid, α→ 1. Due to the large aspect ratio of the
colloidal fibers, this material will not degrade fully into a solution. This phenomena
will be discussed in detail in Chapter 7.
During gelation, we measure the opposite trend in α as the colloidal fibers begin
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Figure 4.3: Temporal microrheological measurements for the (a and b) degradation
and (c and d) gelation of the HCO system. Measurements show the change in as-
sociated gel structure by an increase (for degradation) and decrease (for gelation)
in logarithmic slopes of the mean-squared displacement. The HCO phase change is
initiated by an osmotic pressure gradient.
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to form the scaffold. At the beginning of the experiment, when the material is a
viscoelastic fluid, α ≈ 0.9, which is higher than the value obtained by the degrading
gel. This indicates less colloidal affinity and a more fluid-like material. As the material
is in contact with the gelling agent for longer times, the colloidal fibers become more
attracted and form a network, with α ≈ 0.2.
In comparison, the gelation takes less time to complete the transition than degra-
dation, averaging 60 min to complete. The difference between time for degradation
and gelation is due to the change in the driving force, the osmotic pressure gradient.
In degradation, the gel is initially 80% water, leaving only a 20% difference in water
concentration between the contacting phases. In gelation, the HCO solution is 99%
water, and the contacting phase is 6% water. This results in a much faster gelation
experiment since the driving force is much larger.
The increase in the slope of the MSD in Figure 4.3a, and likewise the decrease of
the slope in Figure 4.3c, correlates to a change in probe diffusivity in the gel as the
scaffold degrades. Diffusivity is related to the MSD curve by the Einstein relation,
〈∆r2 (τ)〉 = 2dDτα, where d is the dimension (d = 2 for our MPT measurements)
and D is the diffusivity. The diffusivity is defined for Brownian motion, α = 1, and
the values calculated in these experiments are subdiffusive, so the value is an effective
diffusivity. The increase in probe particle diffusivity is expected as the gel degrades,
and the colloidal fibers begin to separate.
4.3.3 Time-cure superposition of the HCO system
MSD data are further analyzed using time-cure superposition (TCS) to determine
critical values during dynamic transitions, such as the critical transition time, tc,
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Figure 4.4: Time-cure superposition of the degradation of an HCO gel. (a) Measured
mean-squared displacement data collected every 2.5 minutes throughout the entire
transition (gel→sol). (b) MSDs are shifted into gel and sol master curves using time,
a, and MSD, b, shift factors. (c) Shift factors, a and b, diverge at the critical transition
time, tc. (d) Logarithm of the shift factors versus the logarithm of the distance away
from the critical transition time is fit to calculate the scaling exponents y and z, and
critical relaxation exponent n.
85
-1.5 -1.0 -0.5 0.0
log(⎜tc-t⎜/tc)
-10
-8
-6
-4
-2
0
lo
g(
a,
b)
y=5.18±0.29
z=5.00±0.24
n=0.97±0.07
d
10-9
 
10-7
 
10-5
 
10-3
 
10-1
 
101
a,
b
210-1
(t-tc)/tc
tc=31.9
 a
 b
c
c
gelsol
10-3
10-2
10-1
100
〈Δ
r2
(τ
)〉
 (µ
m
2 )
4 6 8
10-1
2 4 6 8
100
τ (s)
α=1
0 min
120 min
a
10-9
 
10-7
 
10-5
 
10-3
 
10-1
 
b⋅
〈Δ
r2
( τ
)〉
 (µ
m
2 )
10-10  10-7  10-4  10-1 
a·τ (s)
0 min
120 min
30 min
32.5 min
0.9
b
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and critical relaxation exponent, n. TCS was first developed using PDMS gels, but
has also been applied to colloidal systems such as laponite clay nanocomposites [175,
176]. A full description of the TCS analysis can be found in Chapter 3. TCS for
colloidal fibers is similar to that for polymer gels, but instead of a dependence on
cross-linking to form a network it relates to the extent of association of HCO fibers
as a result of the osmotic pressure gradient created during degradation or gelation
[17,37,52,136–139,162]. TCS describes the entire transition of the material, from the
equilibrated gel through the equilibrated sol state, and vice versa [138, 141, 170, 177,
178]. Although HCO gels evolve heterogeneously, this work shows that the ensemble-
averaged MSDs are not significantly changed by scaffold heterogeneities. Therefore,
MPT measurements and TCS analysis accurately describe transitions of HCO gels.
Time-cure superposition is used to analyze both degradation and gelation ex-
periments tracked over the course of a complete phase change, Figures 4.4 and 4.5,
respectively. During degradation, the measured mean-squared displacements increase
in α and magnitude as the gel network dissociates, Figure 4.4a. During gelation, the
measured mean-squared displacements decrease in α and magnitude as the gel net-
work associates, Figure 4.5a. Figures 4.4b and 4.5b shows the shifted MSD curves,
the reference for the gel and sol master curves are measurements of the equilibrated
material, and have shift factors equal to 1. The shift factors a and b diverge at tc,
when the last sample spanning gel network degrades or forms during degradation or
gelation, Figures 4.4c and 4.5c. The values of the critical transition time for degrada-
tion and gelation are tc,deg = 102.5 min and tc,gel = 31.9 min, respectively. Fitting the
logarithm of the shift factors as a function of log (|t− tc| /tc) gives critical relaxation
exponents of ndeg = 0.77± 0.09 and ngel = 0.94± 0.11. These values for n indicates
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the HCO gel readily dissipates energy and is an open, porous network, as n >0.5.
As a contrast, a strongly cross-linked polymer network with a structure of interpen-
etrating polymeric arms, such as that seen in Chapter 3, has a n = 0.13 [179]. The
values of ndeg and ngel are within error giving the possibility the gel has a reversible
critical transition both rheologically and structurally. The difference in the two cal-
culated values could also be due to the preparation of the HCO solution used as the
starting material for gelation experiments. The HCO gel is mixed with water using
shear which could change the structure of the fibers making their association follow a
different mechanism than the degradation from the native gel. Another possibility is
that colloidal rearrangement during phase transition could effect the microstructure.
A further analysis of the reason for the difference in n for degradation and gelation
is discussed in detail in Chapter 7.
4.3.4 Heterogeneities during dynamic transition
During critical transitions, HCO colloidal gels evolve heterogeneously in rheological
properties and spatial microenvironments. MPT data are analyzed, building off of
previous work, to develop a robust set of analysis techniques that quantitatively
characterize this heterogeneous transition and maximize the amount of information
gained from these experiments [21, 26, 162, 168]. Heterogeneity is first quantified by
calculating an ensemble-averaged van Hove correlation function at a given lag time,
τ , described by the following equation:
P (∆x, τ) = (4piDτ)−
1
2 e
(
−〈∆x2〉
4Dτ
)
(4.1)
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Figure 4.6: Heterogeneity of the HCO scaffold during degradation is determined by
fitting Gaussian distributions to (a) ensemble-averaged van Hove correlation functions
calculated at τ = 0.1 s temporally during degradation at 10 (blue), 100 (green) and
180 mins (black) and (b) single particle van Hove correlation functions.
whereD is the diffusivity and P (∆x, τ) is the one dimensional probability distribution
function of particle movement, described here in the x direction. Ensemble-averaged
van Hove correlation functions have Gaussian distributions if the system is homoge-
nous indicating all particles are sampling the same microenvironment. Ensemble-
averaged van Hove correlation functions at τ = 0.1 s are calculated throughout the
degradation of an HCO scaffold and fit with Gaussian distributions, Figure 4.6a.
The diffusivity of the particles in the scaffold is determined by the width of the dis-
tribution. As the material degrades the width of the ensemble-averaged van Hove
correlation functions increase indicating an increase in particle motion and a decrease
in gel structure. Samples in the contracted phase, t = 180 mins, have a narrow
distribution indicative of minimal particle movement. These effective diffusivities
are beneath the MPT measurable limit, 0.001µm2 s−1, and no information can be
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gained from the value of diffusivity. All samples throughout the transition have a
good fit to a Gaussian, indicating the majority of particles are experiencing the same
microenvironment. This indicates that measured MSDs and subsequently TCS gives
accurate information about average scaffold properties and critical values. There are
small deviations from the Gaussian distribution in the 100 min sample, this is due
to the appearance of unique microenvironments during the heterogenous transition.
This will be investigated further to identify the microstructural heterogeneities and
distinct rheological properties in the scaffold during this transition.
Individual particle van Hove correlation functions highlight the different microen-
vironments that emerge during dynamic transitions. Heterogeneities within the field
of view are quantified by methods developed by Valentine et al [21]. This method
takes the Gaussian fit of each individual particle van Hove correlation function and
compares the variances these fits to each other using an F-test with a 95% confidence
interval [21,162,180]. The comparison of the variance of the single particle van Hove
correlation function relates to the particle diffusivity, using Eq. 4.1, and the general
equation for a one dimensional random walk probability function, f (x|µ, σ2), is
f
(
x|µ, σ2) = 1
σ
√
2pi
e−
(x−µ)2
2σ2 (4.2)
where µ is an average value and σ2 is the variance [181]. An example of an indi-
vidual particle van Hove correlation function is shown in Figure 4.6b. Similar to
the ensemble-averaged van Hove correlation functions, there is a good fit to a Gaus-
sian distribution, but variances are statistically different between particles within a
sample. Probes with statistically similar variances are segregated into clusters, and
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Figure 4.7: (a) Logarithmic slopes of the MSD and (b) diffusivities of particle clusters
throughout an HCO degradation. The shaded region in (b) represent the upper
diffusivity limit for this experiment of probes in water and the lower MPT measurable
limit of diffusivity. Probe particles are separated into clusters, where particles are
probing different microenvironments, determined using F-tests of variance in single
particle van Hove correlation functions with 95% confidence intervals.
material properties of these clusters are calculated. Material properties are only cal-
culated for cluster with more than 35 probes to ensure statistically significant results.
The similarities between cluster and ensemble material properties throughout the
degradation experiment are shown in Figure 4.7. The slope of the ensemble is similar
to the slope of the cluster containing the majority of the particles, which is typically
cluster 1. Therefore, the ensemble value is representative of the majority of particles,
but there can be other particle clusters that give additional information about smaller
microenvironments within the material. Probe particle diffusivity during degradation
deviates more than the slope. The lower diffusivity limit for this experimental setup
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is calculated as 1× 10−4 µm2 s−1, the shaded area in Figure 4.7b is bounded by the
lower measurable limit and the diffusivity of 0.5 µm probes in water, the contacting
fluid for an HCO gel degradation. The largest deviation, 10−2 − 10−1 µm2 s−1, in
particle diffusivity are measured in the viscoelastic solid. In the viscoelastic solid,
rheological heterogeneity is the largest. Microenvironmental heterogeneity coupled
with small particle movement leads to larger uncertainties than measurements of
viscoelastic fluids. Although we do measure small deviations in particle diffusivity
there is no significant change in α. Therefore, traditional MPT measurements do
accurately characterize HCO gels during dynamic transitions. The additional analysis
to separate microenvironments and characterize their material properties provides
new information from each measurement.
During the transition of an HCO gel, different microenvironments emerge as the
scaffold structure degrades. We identify these unique microenvironments using the
F-test method previously described. This analysis is verified by using a photpolymer-
izable gel made of 3 wt% poly(ethylene glycol) (PEG) dithiol and 0.63 wt %PEG-
acrylate, as was done in Chapter 3. In the experiment, half of the field of view is
exposed to UV light and cured, Figure 4.8. Particles are grouped into clusters and
the color of each particle represents the ensemble-averaged particle diffusivity of that
cluster, Figure 4.8 a, illustrating rheological heterogeneity. Spatial heterogeneity is
visualized by a histogram of the groups compiled along the x−axis coordinated again
by color, with each bin containing 16 µm of the field of view, Figure 4.8b. The his-
togram has a “bell curve” shape due to a masking step during the tracking algorithm
that eliminates distorted particles at the edge of the field of view, as described in
Chapter 2 [182, 183]. We calculate the MSD for each cluster, and half of the sample
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is a gel with α=0.14 and the other is a sol with α=0.99, Figure 4.8c. The state of the
material is determined by comparing the α value to the critical relaxation exponent.
From the previous chapter we determined that the transition point for this gel is
at α=0.44, so the right hand side of the sample has completely formed a gel. For
each cluster, the state can be described in two ways, probes with α < n indicative
of probes in a gel matrix and those with α > n diffusing within a sol, Figure 4.8d.
A small weight line is used in trajectory maps to show details of the movement of
diffusive particles. Here, particles in a sol environment are in yellow and particles in
a gel environment are blue.
The analysis for HCO gelation and degradation shows how the heterogeneities
progress both rheologically, Figures 4.9a−c and 4.10a−c, and spatially, Figures 4.9d−f
and 4.10d−f. The value of tc changes for different experiments based on the osmotic
pressure gradient and contact area of fluid with the initial HCO sample. A reduced
time,
tr =
tc − t
tc
(4.3)
is defined to compare across all experiments. Data are analyzed using the reduced
time to eliminate measurement variations due to the initial size of HCO scaffold and
osmotic pressure gradients.
At the onset of the HCO degradation experiment, particles are arrested in a
homogenous gel scaffold, as indicated by the consistent blue color representing an
average particle diffusivity of less than 1.0 × 10−4 µm2 s−1 throughout most of the
field of view, Figure 4.9a. One particle, located at x = 25 µm and y = 110 µm
in Figure 4.9a, has a higher diffusivity and belongs to a separate cluster from the
majority of particles. The low and consistent diffusivity apart from this single particle
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Figure 4.9: Rheological (a−c) and spatial (d−f) heterogeneity of probe microenvi-
ronments for the gel→sol transition at a reduced time, tr of (a, d) -0.90, (b, e) 0, and
(c, f) 0.82.
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Figure 4.10: Rheological (a−c) and spatial (d−f) heterogeneity of probe microenvi-
ronments for the sol→gel transition at a reduced time, tr of (a, d) -1.0, (b, e) 0, and
(c, f) 2.0.
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is indicative of particles arrested in a gel. Again, probe diffusivity is below the
measurable limit, so no information is gained about the material by the value for
diffusivity. Spatially the system is homogenous at tr = −0.90, as shown in Figure 4.9d.
Spatially homogeneity should always occur if the sample is rheologically homogenous.
At the critical transition, tr = 0, the sample contains two major clusters, one with
particle diffusivity between 0.001−0.01 µm2 s−1, and another with particle diffusivity
between 0.01 − 0.1 µm2 s−1, Figure 4.9b. During the critical transition, the sample
is spatially heterogeneous with a cluster of faster moving particles emerging at the
right of the field of view, as illustrated by Figure 4.9e. At the completion of the
experiment the material is a sol, tr = 0.82, and the majority of probe particles are
in a homogeneous microenvironment, but now with an average particle diffusivity
greater than 0.1 µm2 s−1. There is still heterogeneity, with 8% of probe particles
in a cluster with diffusivity between 0.1 and 0.01 µm2 s−1. This is most likely due
to colloidal clusters that have not completely degraded in the solution. Despite the
heterogeneity in the diffusivities, the sample is spatially homogenous, with no clear
separation of clusters in the field of view.
During gelation, Figure 4.10, we see a similar trend in both spatial and rheologi-
cal heterogeneities, but in reverse of the degradation. At the start of the experiment,
probes have a high diffusivity and are rheologically and spatially homogenous. During
the transition, we again see an increase in heterogeneity, although it is more spatially
homogenous than the degradation. After complete gelation, the material again re-
turns to a spatially and rheologically homogenous microstructure. We se an increase
in the number of probes when the material is in a sol phase and during the transition.
This is due to the translation of probes in and out of the field of view, allowing for
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more probes to be tracked.
The logarithmic slope of the MSD of particles within each cluster during each
phase transition is calculated and compared to the critical relaxation exponents,
ngel = 0.94 ± 0.11 and ndeg = 0.77 ± 0.09, Figure 4.11. During degradation, at
tr = −0.90, Figure 4.11a, the sample is a homogenous gel with all particle slopes
below the critical relaxation exponent, n = 0.77. Particles with small trajectories,
such as those embedded in a gel in Figure 4.11a, are difficult to see, highlighting
the restricted movement of probes in the gelled state. Due to the high value of
ngel = 0.94 ± 0.11, the probes embedded in the starting material during gelation
are in a gel microenvironment at tr=-1.0, Figure 4.11d. However, α of the cluster
particles fluctuates around the critical relaxation exponent in this sol phase. At the
critical transition, tr=0, for both degradation and gelation the sample contains het-
erogeneities, Figure 4.11 b and e. This scaffold is a loosely associated, porous scaffold,
therefore, only a small fraction of the material must dissociate or associate for the
last sample spanning cluster to degrade or form. After the critical transition, an in-
creasing number of particles are probing a viscoelastic fluid during degradation. An
exception is between tr = 0.4 − 0.6 clusters have slopes very close to but below the
critical exponent, and particles are in a viscoelastic solid microenvironment. Once the
scaffold has completed the transition, tr = 0.82, the material is a viscoelastic fluid,
Figure 4.11c. The HCO is homogeneously dispersed in the solution of surfactant
and water. Likewise, after the critical transition the gelation reduces probe particle
movement until the system reaches a homogenous gel phase, Figure 4.11f
A final quantification of heterogeneity is the non-Gaussian parameter, as described
in Chapter 3. At either equilibrium state (gel or sol) the probes have good Gaussian
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Figure 4.11: Trajectory maps for the (a-c) degradation of an HCO gel at reduced
times, tr, of (a) −0.90, (b) 0, and (c) 0.82, and (d-f) gelation of HCO gel at reduced
times, tr, of (a) −1.0, (b) 0, and (c) 2.0. Red indicates a particle in a viscoelastic
fluid cluster with a logarithmic slope of the MSD greater than the critical relaxation
exponent (ndeg=0.77 and ngel=0.94) α > n, and blue particles are in a viscoelastic
solid, α < n.
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Figure 4.12: Non-Gaussian parameters throughout (a) degradation and (b) gelation
of two HCO gels.
fits, as well as during the critical transition, Figure 4.12a and b. The non-Gaussian
parameter is greatest when the sample is a viscoelastic solid, and a peak appears
at tr=-0.8 and tr=1.2 for the degradation and gelation, respectively. Both degra-
dation and gelation reach a maximum in the non-Gaussian parameter at the same
point during the transition, occurring when the particles are almost completely in
a viscoelastic solid environment. In the degradation, the material is about to tran-
sition to a viscoelastic fluid and in the gelation the material has just transitioned
to a viscoelastic solid. The point of maximum heterogeneity is similar in both ma-
terial transitions, again suggesting that the transitions in HCO gels is a reversible
process. The maximum is more pronounced during gelation because the starting
point of the experiment is in the viscoelastic fluid regime. This is not the case in
degradation, even though the maximum occurs at the same point during the mate-
rial transition, in the viscoelastic solid region, the material transitions to this point
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quickly during data collection causing the peak to be less detectable within the data.
Previous studies have calculated the non-Gaussian parameter for the glass transition
of poly-(methlymethacrylate) (PMMA) spherical colloids, and showed a maximum
during the transition from solution to glass, similar to the results for HCO [168,184].
The maximum for the PMMA system was found at the glass transition point, while
the maximum in the HCO system occurs as the system is in the viscoelastic solid
phase. The difference between the locations of the maximum can be attributed to
the difference in types of transitions.
4.4 Conclusions
Multiple particle tracking microrheology is a very useful technique to quantify critical
transitions of hydrogenated castor oil gels. Time-cure superposition determines the
critical relaxation exponent, ngel = 0.94±0.11 and ndeg = 0.77±0.09. These values of
n indicate the gel is a loosely associated, porous structure which readily dissipates en-
ergy. An analysis of heterogeneity of these HCO gels highlights that multiple microen-
vironments do not significantly change ensemble-averaged MPT measurements. The
analysis techniques presented quantitatively determine distinct microenvironments
and the scaffold material properties. For the HCO gel, maximum rheological and
spatial heterogeneity is measured at the critical transitions. Although heterogeneities
do exist in the scaffold, the similarities in the ensemble-averaged and dominant clus-
ter logarithmic slopes of the mean-squared displacement verifies that ensemble MPT
measurements accurately describe the scaffold properties. The heterogeneity anal-
ysis adds information about the evolving scaffold microenvironments during critical
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transitions. The techniques presented in this work not only characterize an industri-
ally relevant HCO colloidal gel, but create a new toolbox of analysis techniques to
quantitatively characterize material properties of heterogeneous environments using
multiple particle tracking microrheology.
Further, the information gained from the TCS and heterogeneity analysis raise
the question of whether the structure of the HCO system is repeatable after revers-
ing the osmotic gradient. The similar critical relaxation exponents suggests HCO
gels have reversible material properties and mechanisms of dynamic phase transition.
However since n is heavily dependent on the material it is also possible that there is
a fundamental change in the structure of the gel as a result of the phase change or
sample preparation. Gelling experiments are subjected to shear during the sample
preparation, which may be inducing a change in the microstructure. In Chapters 6
and 7 we will investigate the possible reasons for the difference in n values between
the starting materials for the gelation and degradation experiments.
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Chapter 5
Multiple particle tracking
microrheology using bi-disperse
probe particle sizes
5.1 Introduction
In this chapter we discuss a new technique for multiple particle tracking microrheology
(MPT), using bi-disperse probe particle sizes in a single sample. Changing the probe
size can be used to measure different microstructural length scales within a sample.
This will increase the amount of information gained from each experiment, broadening
the technique. This is especially important when investigating high-cost materials,
as less material will be needed, and heterogeneous scaffolds, where heterogeneities
arise at different length scales. Previous studies have used multiple particle sizes in
separate experiments, but these did not attempt to combine the experiments [24,185].
Additionally, work has been done on biological systems using multiple particle sizes
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in a single sample but an in depth analysis of the separation of particles was not
investigated [28].
This chapter will first detail the method for separating probe particle sizes using
existing particle tracking algorithms. To illustrate the technique we will use 0.5 and
2.0 µm probes. This is accomplished by calculating the brightness based radius of
gyration, R2g, of the probe particle images. The ensemble-averaged mean-squared
displacement (MSD) of each particle population, now separated by probe size, is then
calculated and used to determine the material properties of several systems. First,
the static error of the 2.0 µm probe particles is calculated separately and removed
from the MSD values. The amount of static error is dependent on the probe size, and
is negligable for 0.5 µm probes. This error occurs when identifying particle locations.
Next, the viscosity of a Newtonian fluid, glycerol, is calculated from both sets of
MPT data and compared to literature values. A polymer gelation is then measured
to show how the bi-disperse probe particles can accurately measure a viscoelastic
material. The same polymer hydrogel in Chapter 3 is characterized. Finally, the
hydrogenated castor oil colloidal degradation experiment is repeated with bi-disperse
probe particles. Each of these experiments show the validity and value of using bi-
disperse probe particles in a single sample.
5.2 Experimental Methods & Materials
5.2.1 Multiple particle tracking microrheology
MPT is used to determine the rheological and material properties of soft matter. A
complete description of the technique can be found in Chapter 2. As this chapter
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focuses on the technique, we will briefly describe the technique again.
In MPT, fluorescently labeled probe particles are embedded in a sample and video
microscopy is used to measure their Brownian motion. The ensemble-averaged mean-
squared displacement (MSD), 〈∆r2 (τ)〉, is then calculated from the particle trajec-
tories [19, 29,31,133]. The MSD is related to the particle diffusivity, D, by
〈∆r2 (τ)〉 = 2dDτα (5.1)
where d is the number of dimensions, τ is the lag time and α is the logarithmic slope
of the MSD,
α =
d log(〈∆r2 (τ)〉)
d log(τ)
. (5.2)
α is a measure of the state of the material, with α=1 indicating a sol and α →0
indicating a gel. For a gelling system, time-cure superposition is used to determine
the critical relaxation exponent, n, a measure of the strength of the gel scaffold. This
value also defines the point where the sol-gel transition occurs measuring formation
of the first sample spanning cluster. The critical transition occurs when α = n. This
is discussed in detail in Chapter 3.
5.2.2 Bi-disperse particle tracking
In conventional MPT, a single probe particle size is used due to the dependence
of the diffusivity with particle radius. In order to obtain the necessary amount of
data, many probes are tracked at the same time and the ensemble-averaged MSD
is reported. Using a bi-disperse probe radius distribution means that the normal
methods cannot be used to track the particles, as the MSD is dependent on the
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particle radius. In order to track both particle sizes, we have developed a method
to separate the particles by size, building off the existing particle tracking meth-
ods developed by Dr. John C. Crocker, Dr. Eric R. Weeks, and Dr. David Grier
(http://www.physics.emory.edu/∼weeks/idl/index.html) [31,142]. The individual par-
ticles of different sizes can be separated into two populations using a version of the
radius of gyration based on the brightness of pixels in an image,
R2g =
I
B
(5.3)
where I is the moment of inertia and B is a “weight” represented by the summation
of the brightness of each pixel in the particle. This is a general form of a radius of
gyration, and is widely applicable to different systems including brightness [186]. I
is defined by
I = Σ(bi × (r2i +
1
6
)) (5.4)
where bi is the brightness of a given pixel at a radius ri away from the center of mass.
The additional (1
6
× bi) term in the equation is added as the moment of inertia of a
square prism with a length of 1 pixel [142]. This results in a value for R2g which is
calculated to separate particle sizes, as shown in Figure 5.1a. The large separation is
due to the r2 term used in the calculation for the value of I. This increases the value
of R2g even if the overall particle has a similar average brightness.
Using this value of R2g the different sized probe particles are separated into two
distinct populations, one with R2g <0.33 µm
2, 0.5 µm probes, and another of R2g >0.33
µm2, 2.0 µm. These ranges of R2g are for this particular sample, and will change based
on each experiment. The clear separation can then be used to isolate the particles by
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choosing a value of R2g in between the populations and only tracking particles above
or below that value. For the example shown in Figure 5.1, a value of R2g=0.33 µm
2
was used to separate the particles shown in Figure 5.1b and c. The MSD can then
be calculated for each population separately. In the following sections we show that
the two particles can be used to get additional information from a single sample.
To show the usefulness of this technique, we have performed experiments on three
known systems: glycerol with varying concentration, a PEG-acrylate cross-linked
hydrogel described in Chapter 3, and a hydrogenated castor oil (HCO) colloidal gel
undergoing degradation described in Chapter 4. Through these experiments we show
that both probe sizes accurately measure the material properties of Newtonian fluids
and viscoelastic materials.
5.2.3 Materials
Glycerol (Alfa Aesar) is mixed with deionized water to test the effectiveness of dual
particle sizes in a Newtonian fluid. 1.83 ± 0.05 µm and 0.53 ± 0.01 µm carboxylated
polystyrene probes (Polysciences, Inc.) are used as tracer particles. Prior to the
experiment probes are washed 3× by alternating dilution and centrifugation. Final
probe particle concentrations are 0.1% solids
volume
and 0.026 % solids
volume
for 2.0 and 0.5 µm
probes, respectively. There are black spots on some 2 µm probe particles, possibly
due to a contaminated stock. The patchiness will not effect the Brownian motion of
the probe particles, however it may increase the static error associated with locating
the particle center [187,188]. This has been accounted for in our work.
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Polymer gels consist of two polymers, a 4-arm star poly(ethylene glycol) end-
terminated with acrylate (20,000 g mol−1, JenKem Technology) backbone and a lin-
ear poly(ethylene glycol) end-terminated with dithiol (1,500 g mol−1, JenKem Tech-
nology) cross-linker. 1.5 mM of lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) is used as a photo-initiator for this polymerization, and the reaction is ini-
tiated by ultraviolet (UV) light (output range 340-800 nm, 89 North, Inc.) [163].
Precursor solutions are made with 18 wt% acrylate at a ratio of 1.4:1 thiol:acrylate.
Samples are injected into a sample chamber and sealed on both sides with a two-part
air cured epoxy (Gorilla Glue Company).
HCO is supplied by Procter & Gamble Co. in the gel phase at 4 wt%. In this
chapter, only the gel phase is used as a starting point for the HCO. A complete
description of HCO can be found in Chapter 2.
5.3 Results & Discussion
5.3.1 Static error
The first part of the analysis is to determine the static error of the 2 µm probe parti-
cles. The larger size of the particles can increase the static error, and is apparent in
the calculated subdiffusive movement at low lag times. Static error increases when
there is less particle movement. Larger particles will have an inherently lower diffusiv-
ity, and thus will have a larger static error. 0.5 µm particles do not show subdiffusive
movement at low lag times, and the static error is considered negligable.
The analysis of static & dynamic particle tracking error was first introduced by
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Savin and Doyle [133]. Static error is a function of the equipment used in microrhe-
ology experiments. This is an error in the ability of the apparatus to locate the exact
position of the particle. The actual position of the static particle, xˆ(t) is offset by the
image position, x(t) by random error χ(t) [28, 133]
xˆ(t) = x(t) + χ(t). (5.5)
This value is determined by recording probe particles within a restricted environment,
such as in a gel. For this section, we allowed probes to settle on a coverslip to
restrict movement. 2.0 µm probes are diluted with a 1 M NaCl solution to a final
concentration of 0.0025% solids/volume. Probes were allowed to crash out of solution
overnight. Calculating the MSD from the restricted probe movement, Figure 5.2
results in a value for χ(τ), which will be a constant value at all lag times as the
probe particle is in an arrested state. The value for static error for this apparatus is
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χ=2.0×10−3 µm2. This value is subtracted from the calculated MSD to remove static
error. For reference, Figure 5.2 also shows the static error for 0.5 µm probe particles,
however the camera is calibrated with this probe size by changing the exposure time
and frame rate to balance static and dynamic error so no correction is needed.
5.3.2 Glycerol viscosity
The viscosity of glycerol at varying concentrations is calculated from the MSD of
probe movements in MPT experiments with bi-disperse probe particle populations,
Figure 5.3. The viscosities are calculated using the viscosity equation of probe par-
ticles diffusing in a fluid, η = kBT
6piaD
, where a is probe radius and D is the diffusivity
determined from the MSD using equation 5.1 [19,29, 31,133]. As shown from Figure
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5.3a, the calculated viscosities match well with the known values of viscosity at room
temperature, 25◦C [189]. In addition to the calculated material properties, the MSD
curves show the expected shape for a Newtonian fluid. At all concentrations and for
both probe sizes α=1, indicating fully diffusing particles in a Newtonian fluid. The
intercept increases for both increasing concentration and probe radius. An increase in
the intercept for increasing glycerol concentration indicates the viscosity is increasing,
while increases in probe radius result in lower diffusivities.
5.3.3 PEG-acrylate gelation
The next experiment focused on a dynamic gelation of a polymeric cross-linking
system. MPT measures the change in structure from a semi-dilute polymer solution
(18 wt% PEG) to a cross-linked polymer scaffold with increasing UV light exposure.
This system was discussed in detail in Chapter 3 [179]. This system is investigated in
the semi-dilute regime due to the density of the 2.0 µm particles. A higher viscosity of
the precursor solution will limit the amount of probes sinking out of reference of the
experimental setup due to density mis-match. The larger concentration of polymer
in the precursor solution adds viscoelastic properties to the solution from an increase
in the polymer-polymer interactions.
Figure 5.4 shows microrheology results for the PEG-acrylate gelation reaction. As
the system is exposed to UV light, the reaction slowly continues, allowing microrhe-
ology samples to be taken along the reaction pathway. The MSD curves, Figure 5.4a
and b, show this progression for both sized particles, which can also been seen through
the α values of the individual MSDs, Figure 5.4c. Several observations can be made
when using different sized probe particles. The gel point can be easily measured with
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both particle sizes, as can be seen from the drastic decrease in α at 28 min in Figure
5.4c. This is despite the difference in the MSD curves between the two particle sizes.
2.0 µm probe particles have lower α values, between approximately 0.6< α <0.8 for
2.0 µm and α =0.98 for 0.5 µm. The lower value of α prior to gelation is most likely
due to the viscoelastic properties of the precursor solution.
The non-Gaussian parameter, αNG =
〈∆x4〉
3〈∆x2〉2 − 1, Figure 5.4 is calculated to de-
termine the heterogeneity of the system [166–168, 179]. This value represents the
deviation of the 1-dimensional displacement from the Gaussian like behavior, and a
larger value indicates a greater degree of heterogeneity. There is very little hetero-
geneity in the 0.5 µm particle displacements, and a larger overall value for the 2.0
µm displacements. Directly after gelation however, there is a large increase in the
heterogeneity that was only measured in the 2.0 µm particle displacements. This is
due to the increase in entropy at the gel point. As the first sample spanning cluster
forms, there can be larger sized heterogeneities in the polymer network. The 2.0 µm
probes are large enough to probe these larger scale heterogeneities while the 0.5 µm
probes do not.
A scaled version of the MSD curves in the precursor solution, Figure 5.5, will shift
the different probe sizes until they overlay. When each curve is scaled by a factor
of pia
kBT
, Figure 5.5b, we see that the two curves overlay. The scaled MSD value is
an inverse modulus, or creep compliance [134]. At lower lag times, the 2.0 µm have
subdiffusive motion due to the relaxation time of the polymer solution. The loga-
rithmic slope of the 2.0 µm probe MSD curves at low lag times is approximately 0.5,
which indicates measurement of the relaxation time of the polymers in the precursor
solution [134]. This is not measured with the 0.5 µm probe particles. The overlay of
114
10-3
10-2
10-1
100
〈Δ
r2
(τ
)〉
 (µ
m
2 )
4 6
10-1
2 4 6
100
2 4 6
101
τ (s)
0.5 µm
2.0 µm
a
1012
2
4
1013
2
4
1014
2
4
〈Δ
r2
(τ
)〉
 x
 π
 a
 (k
bT
)-1
 (P
a-
1 )
4 6
10-1
2 4 6
100
2 4 6
101
τ (s)
b
Figure 5.5: (a) MSDs of a 4-arm 20,000 g mol−1 poly(ethylene glycol) precursor
solution and (b) inverse modulus calculated by scaling by the probe radius.
the two curves once again shows that the two particle sizes are measuring the same
system accurately.
Both probe sizes measure the gelation of the system using time-cure superposition
(TCS), Figure 5.6. TCS is an analysis technique which superimposes the viscoelastic
functions at different extents of gelation [17, 37, 52, 104, 136–141]. TCS determines
the critical relaxation exponent, n, which is a measure of the gel structure at the
gel point. The gel point is defined as the point at which the first sample spanning
cluster is formed, tc. n is also a measure of the scaffold structure formed at the
point of gelation and how much energy the scaffold is likely to store or dissipate.
n < 0.5 indicates a densely cross-linked system that will readily store energy, while
n > 0.5 indicates the gel will more likely dissipate energy. Previous studies on this
gel determined n=0.13± 0.01. A full description of TCS can be found in Chapter
3. Briefly, TCS is done by shifting the MSD curves along the time and displacement
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row) 2.0 µm probes. (a and d) Shifted MSD curves from Figure 5.4. (b and e) Shift
factors a and b diverging at the critical gel point. (c and f) Calculation of the critical
relaxation exponent, n.
axes using the shift factors a and b, respectively, into a gel and sol master curve. The
shift factors are related to the critical scaling of the extent of gelation. The MSD
shift factor relates the steady state creep compliance, J−1e , to ,  =
|t−tc|
tc
, the distance
away from the critical extent of gelation, by a scaling exponent, z, b ∼ J−1e ∼ z, while
the time shift factor relates the longest relaxation time to  by a scaling exponent, y,
where a ∼ τ−1L ∼ y [17, 37,52,104,136–139]. The scaling exponents are then used to
calculate the critical relaxation exponent, n = y
z
.
Figure 5.6 shows a TCS analysis for the PEG-acrylate gelation with both particle
sizes. Shifted MSD curves, Figure 5.6a,d, show the gel and sol master curves. The
shift factors plotted against the UV exposure time, Figure 5.6b and e, shows the
divergence of the shift factors at the gel point, tc= 28.4 min. The gel point is the same
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for both probe particle sizes. Finally, n is calculated from the scaling exponents y and
z, with n0.5µm=0.19±0.05, and n2.0µm=0.16±0.07, Figure 5.6c and f. As expected,
these values are within error of each other and the previously reported value. From
this analysis, we determine that both probe particle sizes accurately measure the
critical relaxation exponent of the system.
5.3.4 Hydrogenated castor oil degradation
Finally, degradation of the HCO suspension is performed using bi-disperse probe
particles, Figure 5.7. This system was discussed in Chapter 4. Here, we see that the
0.5 µm probes show a very similar degradation, which occurs over the course of 4 hrs,
Figure 5.7a and c. As the material degrades driven by an osmotic pressure gradient,
the MSD curves and α values begin to increase. This is due to the weakening of
attractive forces between the colloidal particles, until a phase transition occurs when
α=0.77 at 160 mins [104]. The phase transition indicates there is no longer a sample
spanning network of colloidal fibers. An equilibrium phase with a corresponding
α ≈0.8 is obtained.
The same degradation is measured slightly differently with the 2.0 µm probes
with static error removed, Figure 5.7b and c. The MSD curves and α values during
the degradation do not increase as much as the 0.5 µm probes, and α remains at 0
for much longer. This is due to larger scale structures that are being probed by the
larger particles. After 2 hrs, α does begin to increase, but the corresponding α values
range between 0.2< α <0.6. This suggests that the larger probe size is measuring
a larger length scale feature which does not undergo a complete phase change. It is
possible that after longer times this material will undergo a phase transition, however
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Figure 5.7: Microrheology measurements of the degradation of HCO with bi-disperse
probe particles. Degradation is induced by submerging the gel in water. Mean-
squared displacement curves throughout the degradation for (a) 0.5 µm and (b) 2.0
µm probe particle sizes. (c) Corresponding logarithmic slopes (α) of the MSD curves.
(d) Non-Gaussian parameter, αNG, throughout degradation.
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additional experiments will be needed investigate these larger feature sizes.
The non-Gaussian parameter, αNG, is also calculated for the HCO degradation,
shown here on a logarithmic scale to show additional details, Figure 5.7d. Again, the
0.5 µm probes show the same trend as seen in Chapter 4, with a maximum in the
viscoelastic solid state during degradation and αNG <1 in the equilibrium states. 2.0
µm probes have a higher overall αNG ∼1 in the equilibrium states. Interestingly αNG
reaches a maximum as the phase transition occurs, and returns to its equilibrium
value after. A maximum normally occurs as the material is in the viscoelastic solid
phase as it is transitioning to a viscoelastic fluid. This suggests that despite not
measuring the same α values on the 2.0 µm length scale, the heterogeneity on the 2.0
µm length scale measures the phase transition.
Finally the rheological heterogeneity is calculated at key points throughout degra-
dation, Figure 5.8. We calculate the rheological heterogeneity as described in Chapter
4 [166–168]. Briefly, this is done by comparing the variance of the Gaussian fit on
the 1-dimensional x-direction at a given lag time of each individual probe particle.
Any probes that have the same variance, based on an F-test with a 95% confidence
interval, are clustered together [166–168]. Each cluster within a video can then be
tracked separately to calculate diffusivity. A visual representation of the clusters
shows each probes original x-location with the color based on diffusivity. The color
scale is bounded on the most diffuse side by the diffusivity of a probe particle in wa-
ter, D=1 µ2m/s and D=0.25 µ2m/s for 0.5 µm and 2.0 µm probes, respectively. The
lower diffusivity is bounded by the limit of our experimental apparatus, calculated
from the values of static error, D=2.0×10−4 µ2m/s and D=6.25×10−4 for 0.5 µm and
2.0 µm probes, respectively
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Figure 5.8: Rheological heterogeneity of the degradation of hydrogenated castor oil
with (top) 0.5 µm µm probes and (bottom) 2.0 µm probes. Heterogeneities are shown
in the gel phase (a and d) at the critical transition, t=170 min, (b and e) and after
degradation is complete (c and f).
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For 0.5 µm probes, we see very similar spatial and rheological degradation as in
Chapter 4. At the beginning of the experiment, the probes in a homogenous envi-
ronment with low diffusivity, Figure 5.8a. There is very little clustering, and 99%
of particles are experiencing the same microenvironment. At the phase transition,
Figure 5.8b, we observe the greatest amount of heterogeneity, with 40% of the parti-
cles experiencing a more diffuse microenvironment and 60% of particles experiencing
restricted movement. Finally at equilibrium the structure is homogenous with 93%
of particles in the same diffusive microenvironment, Figure 5.8c.
Alternatively, the 2.0 µm probes show almost no change in heterogeneity through-
out the transition, Figure 5.8d-f. Throughout the dynamic transition there is little
change in diffusivity, which is consistently at or below the limit of the measurable
limit of the apparatus, D=6.25×10−4. The 2.0 µm probe particles will have 4× lower
diffusivity compared to 0.5 µm probes in the same medium, based on the difference in
probe size. Since the difference in diffusivities is much greater than 4× there must be
a change in the medium based on length scales. Clusters of 2.0 µm particles are much
larger by percentage. Clusters diffusivities are calculated below the measurability
limit, so there is no discernible changes in microenvironment between probe particles.
Therefore, the 2.0 µm probes do not undergo any significant changes in rheological
heterogeneity throughout HCO degradation.
5.4 Conclusions
This chapter shows that using bi-disperse probe particle sizes is a viable and valuable
addition to multiple particle tracking microrheology for investigating the viscoelastic
properties of soft materials. We have shown that there is a clear way to separate
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probe particles of different sizes in the same sample using existing technologies. The
radius of gyration, R2g, is easily calculated and the particles with different radii can
be separated from this value.
We have also shown that the combination of particles does not interfere with
the measurements of material properties, both in Newtonian fluids and viscoelastic
materials. The mean-squared displacement curves are calculated from separate par-
ticle populations, and both accurately calculate the viscosity of glycerol solutions.
Viscoelastic materials, such as the PEG-acrylate hydrogel, also are accurately mea-
sured as evident by the calculation of critical relaxation exponent. The technique
also has clear advantages. As seen with the colloidal gel, different length scales are
able to measure different feature sizes within a single sample. This advantage is clear
when observing the rheological heterogeneity, as the 0.5 µm probes experience the
heterogenous change and the 2.0 µm probes do not. This technique is not limited
to the experiments discussed in this chapter, and can have important impact in the
study of biological materials where feature size is variable in a small area. Multi-
ple particle sizes will give additional information in these systems, which are often
times expensive and any improvement in measurement will lead to a more complete
representation of the system.
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Chapter 6
Using µ2rheology to investigate
repeated phase transitions on a
single sample of hydrogenated
castor oil gel
6.1 Introduction
This chapter describes the use of µ2rheology, microrheology in a microfluidic device,
to determine the rheological properties of a soft matter sample during repeated phase
transitions. Portions of this chapter appear in previous publications and are repro-
duced with the permission from: Wehrman, M. D.; Milstrey, M. J.; Lindberg, S; and
Schultz, K. M. Lab on a Chip, 2017,17, 2085-2094. Copyright 2017 Royal Society of
Chemistry; and Wehrman, M. D.; Milstrey, M. J.; Lindberg, S; and Schultz, K. M.
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JoVE , 2018. Copyright 2018 Journal of Visualized Experiments.
In this chapter, we use the microfluidic device described in Chapter 2 to quan-
titatively characterize material properties of hydrogenated castor oil (HCO) during
repeated phase transitions induced by a change in the fluid environment. As dis-
cussed earlier, it is possible that phase transitions change the microstructure of HCO
gels as indicated by the difference in critical relaxation exponents between gelation
and degradation. The other possibility is that shear induced during sample prepa-
ration changes the scaffold structure and rheological properties. This is discussed in
Chapter 7. To test if the phase transition itself is altering the gel microstructure,
a microfluidic device was designed to limit the shear on the sample while allowing
exchange of the fluid in the sample environment. The HCO is cycled through both
gel-sol and sol-gel transitions by exchanging the fluid environment between water and
gelling agent. These measurements show that the HCO system can repeatably form
and degrade a network of colloidal fibers by adjusting the osmotic pressure gradient.
Overall, using microrheological characterization with this microfluidic design enables
quantitative determination of whether scaffold properties are truly reversible, return-
ing to the same equilibrium state after several phase transitions, and how changes in
gelation and degradation determine these final material properties.
6.2 Materials & Methods
This section begins with a description of the materials used in µ2rheology experi-
ments. The materials used in the experiments are the same as previously described.
Next, the experimental procedure is outlined, including sample and microfluidic de-
vice preparation and fluid exchange.
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6.2.1 Materials
The materials used in this section are described in detail in Chapter 2. A brief
description of the materials being measured, the environmental fluids, and the device
materials is provided here.
HCO is supplied by Procter & Gamble Co. in the gel phase at 4 wt%. In this
chapter, only the gel phase is used as a starting point for the HCO. Water and a
hydrophilic fluid are used to induce repeated phase changes. The water rich phase is
deionized water (Milli-Q Advantage A10). The hydrophilic fluid, known as the gelling
agent and also supplied by Procter & Gamble, is a proprietary material consisting of
6% water, 27% linear alkylbenzene sulfonate (LAS), 27% glycerin and 40% propri-
etary hydrophilic materials. These experiments use 0.5 µm probes (2a=0.53±0.01,
Polysciences, Inc.) at a concentration of 0.05% solids per volume for multiple particle
tracking microrheology (MPT) measurements.
The microfluidic device, Figure 6.1, is fabricated using the techniques detailed in
Chapter 2. Briefly, poly(dimethylsiloxane) (PDMS)(Dow Corning) is poured over a
prefabricated stamp with the desired channels patterned out of a thiol-ene resin. The
PDMS is cured overnight at 55◦C and cut to fit a 75 × 50 × 0.15 mm glass slide.
Channels are cut in the patterned PDMS with a biopsy punch, including symmetric
channels along the edge of the sample chamber. Plasma treatment is used to adhere
the PDMS to the glass slide and also to adhere the solvent basin above the sample
chamber. PDMS stoppers and thermoplastic tubing are used to seal and transfer
fluids in the device.
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Figure 6.1: (a) Image of the microfluidic device, consisting of two layers of molded
PDMS, that locks a sample in place while the surrounding fluid is exchanged. The
first layer has a sample and suction chamber. Above the right circular portion a
second layer of PDMS is adhered to the device to act as a basin for solvents. (b) The
sample is placed in the center of the sample chamber through the middle channel.
The symmetry of channels entering the sample chamber creates equal pressure on
the sample, locking it in place during a fluid exchange. (c) An improperly set up
microfluidic device, resulting in bubble formation in the channels and sample chamber.
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6.2.2 Device operation for repeated phase transitions
This section will discuss the operation of the microfluidic device for measurement of
multiple phase transitions on a single sample.
The device is first completely filled with solvent by connecting a syringe to a
corner inlet channel of the device with a short length of tubing. For experiments
starting with gel degradation, the solution is water. Once filled with solvent, all four
corner inlets are closed using PDMS stoppers. After the channels and chambers are
filled, the solvent basin is filled with water. Filling the solvent basin prevents air from
entering the device by filling the six inlet channels between the sample chamber and
the solvent basin. Next, a droplet of sample is injected into the middle of the sample
chamber. This channel in the sample chamber is then blocked with a PDMS stopper.
The gel is now completely surrounded by solvent, and degrades until it reaches an
equilibrium phase.
The first stage of the setup, filling the device, is critical to a successful experiment.
Improper filling can result in bubbles in the channels or in the sample chamber, which
will negatively impact both the microrheology and the function of the microfluidic
device, Figure 6.1c. The easiest way to avoid bubbles in the microfluidic device is by
completely filling the syringe (making sure that there are no bubbles) prior to filling
the device. Alternatively, bubbles can be removed by either introducing a large flow
rate of solvent (by pressing the plunger of the syringe harder) or by tapping the device
gently until the bubbles move to an exit channel. Bubbles within the sample chamber
can cause directed motion of probes at the air-liquid interface. MPT measurements
require probes to undergo purely Brownian motion to measure material properties.
Bubbles in the microfluidic channels also affect flow during fluid exchange, which can
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then cause changes in pressure and move the gel sample out of the chamber. Both
of these issues can be avoided by ensuring that the device and solvent chamber are
completely filled with fluid prior to sample injection.
The sample input step will impart some shear on the sample, however it does
not negatively impact the rheological properties and structure of the material. This
was verified by bulk rheological measurements of samples loaded without shear and
samples loaded onto the rheometer using the same input techniques as the microfluidic
device, Figure 6.2. After the device is properly filled, the procedure outline above
ensures proper function during experiments.
Once the gel-sol transition is complete, α > n, the solvent is removed from the
solvent basin and the gelling agent is added. For the sol-gel transition, no suction
is needed to induce gelation because the gelling agent has a higher density. As the
gelling agent flows spontaneously into the sample chamber, gelation begins. Gelation
takes approximately 1 hr, until the gel is equilibrated.
Next, a second gel-sol transition is initiated. The gelling agent is removed from
the solvent chamber and the basin is washed 3× with ∼1 mL water. After washing,
the basin is filled with water. Suction pulls water from the solvent basin into the
sample chamber. The symmetry of the channels connecting the sample chamber and
the solvent basin apply equal pressure on the sample allowing it to remain stationary.
Suction is applied continuously for 10 s at 1 mL/min. Again the solvent basin remains
filled to prevent air entering the device. With the gelling agent removed, the system
has returned to its original state with a gel in the center of the chamber surrounded
by solvent. There is minimal material loss during each transition, but tracer particles
used for MPT measurements do diffuse out of the material when in the sol. Solvent
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Figure 6.2: Bulk rheology of HCO after µ2rheology input technique, involving inject-
ing the sample onto the rheometer with thermoplastic tubing.
exchanges are completed numerous times until there are insufficient probes remaining
in the sample for statistically significant MPT measurements. While the magnitude
of material loss is difficult to quantify, it is minimized by using a low flow rate during
suction. A total of nine transitions have been recorded on a single sample to date.
6.3 Results & Discussion
Using µ2rheology consecutive phase transitions are measured in the HCO gel. The
maximum number of phase transitions measured with this technique thus far are
nine. The number of phase transitions is limited by the loss of probe particles to the
surrounding fluid during degradation. This section describes the HCO experiment
with the maximum phase transitions. This experiment begins with HCO in the gel
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phase. An example of a µ2rheology experiment that begins in the sol will be discussed
in Chapter 7.
A total of nine phase transitions are measured for the HCO system and com-
pared to previous microrheological results of phase transitions in single samples [104].
These previous experiments used time-cure superposition (TCS) to determine the
critical relaxation exponents for degradation and gelation of HCO, ndeg=0.77±0.09
and ngel=0.94±0.11, respectively [20,104,138,190,191]. n determines the state of the
material and the amount of energy stored or dissipated by the scaffold. Comparison
of the logarithmic slope of the mean-squared displacement (MSD), α = d log〈∆r
2(τ)〉
d log τ
, to
the value of n quantitatively determines the state of the material. If the logarithmic
slope of the MSD is greater than the critical relaxation exponent, α > n, the material
is in the sol phase, and if it is below, α < n, it is a gel. Additionally, if n >0.5 the
material dissipates energy and is a loosely associated network. The HCO scaffold
n values are greater than 0.5, indicating that the network formed by these colloidal
fibers is an open porous structure [104].
µ2rheology is used to measure HCO phase transitions. Examples of the mean-
squared displacements curves for all gel-sol and sol-gel transitions are shown in Figure
6.3. Figure 6.3 illustrates that minimizing shear stress on the material during solvent
exchange results in the same equilibrium material properties after each transition.
Prior to the start of the measurements an exchange of gelling agent for water reverses
the osmotic pressure gradient present in the sample chamber, and the gel begins to
degrade. In Figure 6.3a, the MSD starts with a slope below n, and is in the gel phase.
An increase in the slope and magnitude of the MSD indicate a phase change to a sol
over several minutes. Next, gelation begins when the gelling agent is added to the
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Figure 6.3: Mean-squared displacement curves for the degradation (a,c,e,g,i) and
gelation (b,d,f,h) of an HCO system. A total of nine transitions were measured. The
dotted lines in each have a slope of n=0.77 and represent the critical transition for
each phase changes with MSD curves above the line a sol and below a gel.
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solvent basin, and over the course of 100 min the system gels as the concentration of
gelling agent increases in the sample chamber. As the concentration becomes larger,
so do the attractive forces between fibrous rods, which are drawn together as water
is removed from the system due to the hydrophilic gelling agent. This is shown in
Figure 6.3b by a decrease in the slope and magnitude of the MSD curves. Figures
6.3 c-h are the MSD curves for the rest of the cycles of fluid exchange. These curves
show that the change in material properties are the same as those measured for the
second cycle. A further verification that the material is returning to the same state
after several transitions is the magnitude of the MSD curves, which are consistent
throughout all gelations and degradations.
The measured repeated cycles of gelation and degradation further prove that the
device successfully retains HCO colloidal particles. MPT measurements of the gelling
agent confirm that there is no structure and particles are freely diffusing, as seen
in Chapter 2. Therefore, colloidal particles must be present to form a structured
material with MPT measuring α <1.
Figure 6.4 also shows the results of consecutive phase transitions of HCO. Two
different values are reported from the MSD data, the logarithmic slope of the MSD,
α (solid diamonds, left axis) and the non-Gaussian parameter, αNG (open diamonds,
right axis). Heterogeneity of HCO during each phase transition is determined by
calculation of the non-Gaussian parameter, as discussed in detail in Chapter 3. The
non-Gaussian parameter is calculated by
αNG(∆t) =
〈∆x4(∆t)〉
3〈∆x2(∆t)〉2 − 1 (6.1)
with ∆t=0.03 s [166–168]. An increase in αNG indicates greater heterogeneity in the
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Figure 6.4: Logarithmic slope (α, closed) and non-Gaussian parameter (αNG, open)
for repeated phase transitions on a single sample starting with a 4wt% HCO gel.
The horizontal dotted line indicates the critical transition, determined from previous
microrheological experiments, while vertical lines indicate solvent or gelling agent
additions [104]. Shaded grey areas have gelling agent in the solvent basin and white
background have water.
sample. From Chapter 4, we calculate the maximum αNG for degradation and gelation
occurs when the material is a viscoelastic solid near the phase transition [104]. This
is due to heterogeneities in the structure on the order of probe size.
In Figure 6.4, data points are connected by lines to guide the eye. The horizontal
dotted line located at n=0.77 represents a change of phase. Above the line the
material is a viscoelastic fluid, which contains some associated colloids which continue
to dissociate until an equilibrium fluid state is reached [1, 104, 174]. Below the line
the material is a gel and the fibers have a sample spanning network structure which
evolves until an equilibrated gel forms. The background color is the type of fluid in
the solvent basin, with the gelling agent represented in the gray region and water in
the white regions. Vertical dotted lines indicate an exchange of fluid in the sample
chamber, but not necessarily a change between gelling agent and water. Additional
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water wash steps were occasionally needed, such as at t=300 mins and t=660 mins,
to remove excess gelling agent in the sample chamber during degradation.
Starting with a gel this material never fully becomes a solution of single colloidal
rods, which would be measured as α=1. This material retains some network struc-
ture indicated by the limited α value, which remains less than 0.90 throughout the
experiment. This is a feature of the HCO gel microstructure which is an entangled
system of fibers that cannot be broken by osmotic pressure gradients alone. This
microfluidic device is designed to minimize shear stress on the sample because the
addition of shear stress to the network could break these entanglements and result in
a permanent change in the network structure.
The degradation, when water is in the solvent basin, shows an interesting pattern
for the first several transitions. The gel will initially degrade rapidly, followed by a
reassociation of the fibers into a network structure. This is seen most clearly between
163-303 mins, where α begins below 0.2, increases to above 0.4, and then returns to
0.2. The increase to 0.4 represents a loosening of the network, and then the drop to
0.2 is a reassociation of the fibers into an equilibrated network structure. A second
wash with water will further decrease the concentration of any remaining gelling agent
in the sample chamber and continue degradation. It is possible that the concentration
of gelling agent in the sample chamber is high enough to initiate fiber dissociation but
not high enough to cause complete dissociation of the network structure. The same
trend is seen between 545-682 mins, but the last two gel-sol transitions did not show
this trend. The lack of a reassociation may be linked to lasting effects of repeated
phase transitions, indicating a change in the degradation mechanism of HCO.
The sol-gel transition, with gelling agent in the solvent basin, has a very consistent
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transition. There is about an hour lag as the sample remains as a viscoelastic fluid,
followed by a rapid gelation taking only 10-20 mins. Unlike the degradation, which
requires an external suction to increase water concentration to overcome the difference
in densities, the gelling agent will continuously enter the sample chamber. Once this
has reached the concentration needed for gelation, the concentration continues to
increase, resulting in a consistent and fast phase transition.
The experiment was stopped for an extended period at 900 mins, and began again
at 1340 mins. Despite the break, the sample showed no sign of changing, as seen by
a similar α value before and after the break. This period also shows that the system
is in an equilibrium state for long periods of time, and the concentration change in
the sample chamber is due to the exchange of fluids from the solvent basin, not from
diffusion into other parts of the device.
The final value reported is the non-Gaussian parameter, αNG, which measures
heterogeneity in the sample. The αNG has local maximums during the phase tran-
sitions, specifically when the material is in the viscoelastic solid phase. This agrees
with previously reported work on the HCO system, and is due to the heterogeneous
structure formed in a system of colloidal fibers during degradation from a gel to a
sol [104].
The sol starting material is made by vigorous mixing of the gel solution with water
adding large amounts of shear stress. Sheared samples have a distinct difference in
the maximum measured value of α when compared to the non-sheared. The differ-
ence in maximum values throughout several transitions on a single sample indicates
that the shear imparted on the sample during fluid exchange is not affecting the
microstructure.
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6.4 Conclusions
This new microfluidic technique successfully measures consecutive phase transitions of
the HCO system for a total of nine transitions, as seen by the change in the logarithmic
slope of the mean-squared displacements. Multiple particle tracking microrheology
measures the material properties during each phase transition. From this experiment,
we determine that the HCO system can transition between a gel and sol with similar
material properties at each equilibrium state. This is shown by the logarithmic slopes
returning to 0.9 during degradation and approaching 0 during gelation. Additional
experiments have been completed with similar results, starting from both the gel and
sol phase. The repeatability of the experiments and ability to start from either phase
shows that the device has a robust design and yields consistent quantitative measures
of the material properties during phase transitions.
This technique can easily be applied to any soft matter system that changes struc-
ture based on the surrounding environment. The new design is robust and can ac-
commodate many different systems to produce consistent, reproducible results for the
study of material properties during consecutive phase transitions.
With this technique we measure that the phase transition in HCO does not affect
the structure of the gel. This is evident by the ability of the gel to reach the same α
values after repeated transitions. This result leads to the next work, which determines
how shear induced during sample preparation can be affecting the gel structure.
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Chapter 7
Effect of shear during sample
preparation on the rheological
properties of a colloidal gel
7.1 Introduction
This chapter describes the affects of shear on a fibrous colloidal gel structure. Por-
tions of this chapter appear in a previous publication and are reproduced with the
permission from Wehrman, M. D.; Milstrey, M. J.; Lindberg, S; and Schultz, K. M.
Journal of Rheology, 2018, 62, 437-446. Copyright 2018 AIP Publishing.
In this chapter, three different types of analysis are used to compare both pre-
sheared and non-sheared samples of hydrogenated castor oil (HCO): multiple particle
tracking microrheology (MPT), µ2rheology, and bulk rheology. For this work, shear
is the mixing force applied to the material during sample preparation. Pre-sheared
samples are HCO gels diluted and vigorously mixed, while non-sheared experiments
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start with the HCO gel without any significant source of shear.
A gel is defined as a material which has a sample spanning network cluster
of colloidal particles, and a phase transition occurs when the first sample span-
ning cluster appears (gelation) or the last sample spanning cluster breaks (degra-
dation) [17,37,52,136–139,141,162,170,177,178,192]. Chapters 4 and 6 characterized
a pre-sheared sample during gelation and a non-sheared sample during degradation
MPT. These data are analyzed using time-cure superposition to determine the critical
relaxation exponent for gelation of pre-sheared HCO and degradation of non-sheared
HCO, ngel=0.94±0.11 and ndeg=0.77±0.09, respectively. Critical relaxation expo-
nents for these two samples are different, indicating a change in structure between
the two materials [17, 20,138,140,141,169,170,177].
µ2rheology experiments use the microfluidic device described in Chapter 6, which
minimizes shear stress on a sample while exchanging the surrounding fluid [105,145,
146,193, 194]. These experiments are used to determine whether colloidal rearrange-
ment during phase change is changing the microstructure of the material. The device
is used to exchange water and gelling agent to investigate material properties during
repeated phase transitions on a single sample. This work determines that the equi-
librium properties of the material are the same after consecutive phase transitions
indicating that shear during sample preparation does change the scaffold structure.
Finally, bulk rheology characterizes HCO phase transitions. Comparison of bulk
rheology measurements to previous work on colloidal polyamide fiber networks indi-
cates the structure during each phase transition [1, 195]. Direct comparison of our
critical values, microrheological and bulk rheological measurements to the previous
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work determine that pre-shear changes the scaffold structure, which cannot be recov-
ered using an osmotic pressure gradient as a driving force. Using these three mea-
surement techniques, we determine that changes in scaffold structure during sample
preparation effect the rheological properties and, in turn, can limit the uses of these
scaffold as rheological modifiers in consumer products.
7.2 Materials & Methods
This section outlines the materials and techniques used to quantify the affects of
shear on the microstructure of HCO gels. Microrheology and µ2rheology are used
during this chapter, and these techniques are described in detail in Chapter 2 and 6,
respectively.
7.2.1 Materials
Hydrogenated castor oil
THe effects of shear during sample preparation of HCO gels is discussed in this
chapter. Chapter 2 discusses the synthesis of HCO fibers in detail.
HCO undergoes phase transitions, gel-sol or sol-gel, in response to osmotic pres-
sure gradients. When a 4 wt% gel is submerged in water, the osmotic pressure gradient
causes an influx of water, which weakens attractive forces and degrades the gel. A
dilute solution of HCO is made by shearing it using vigorous pipette mixing. The
dilute solution of HCO in water is gelled by contacting it with a hydrophilic material,
referred to in this chapter as the gelling agent. The gelling agent is a proprietary
material supplied by Procter & Gamble, and contains surfactant and glycerin.
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7.2.2 Methods
Multiple particle tracking microrheology sample preparation
MPT is used in conjunction with bulk rheology to determine the effects of shear
on the rheological properties of the HCO. During MPT, fluorescently labeled probe
particles embedded in the material are tracked to determine the material proper-
ties. 0.5 µm fluorescently labeled carboxylated polystyrene probes (2a=0.53±0.01
µm, Polysciences, Inc.) are used as tracer particles. Previous chapters showed the
quantification of the scaffold microenvironment in this heterogeneously evolving ma-
terial using 0.5 µm particles and found that the ensemble-averaged mean-squared
displacement of the particles accurately determines the material rheological proper-
ties. Probe particles are grafted with bovine serum albumin prior to embedding in
the sample, as discussed in Chapter 2.
For non-sheared samples, probes are embedded in the sample by gentle mixing
followed by centrifugation at 5000 RPM for 30 s. As shown in Chapter 3, this cen-
trifugation does not impact the structure of the HCO. For pre-sheared samples, probes
are introduced during the dilution from 4 wt% to 0.125 wt% HCO and mixed with
vigorous pipette mixing until fully dispersed.
Bulk Rheology
Bulk rheology measures both the degradation and gelation of HCO systems. Exper-
iments are performed on an AR G2 rheometer (TA Instruments) with a 2◦ 20 mm
cone and plate geometry with a truncation gap of 51 µm. To limit slip when working
with gel material the cone has been sandblasted by TA Instruments. All experiments
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are done at 25◦C. An immersion cup is attached to the Peltier plate of the rheome-
ter to enable measurements of dynamic transitions of HCO due to osmotic pressure
gradients.
For degradation, 80 µL of 4 wt% HCO gel is placed under the geometry and the
immersion cup is filled with 10 mL of water. A 72 hr time sweep with controlled
0.1% strain and 6.283 rad/s frequency measures degradation, with a frequency sweep
completed every 12 hrs. Frequency sweeps range between 1−10 rad/s with a constant
0.1% strain. Frequency sweeps are also completed prior to and after the 72 hr time
sweep. For gelation, a 0.125 wt% solution of HCO is made by vigorous mixing with a
pipette. 4 mL of solution is placed in the immersion cup, and the geometry is lowered
to the truncation gap. An additional 4 mL of gelling agent is added drop-wise with
a transfer pipette (Premiere) to the immersion cup. The same rheometer protocol as
degradation is used to measure gelation over 72 hours. All experiments are done in
triplicate to ensure reproducibility.
7.3 Results & Discussion
This section presents quantitative analysis of HCO systems during dynamic transi-
tions. The shear history of the material is investigated as well as the implications
on final equilibrium structure. We investigate the effects shear has on degradation
and gelation using three separate techniques, microrheology, µ2rheology and bulk
rheology. Although we have different overall times for each experimental setup due
to differences in osmotic pressure gradients and sample sizes, they are still charac-
terizing the same rheological evolution over time and can be compared with proper
normalization. The rheological evolution is linked to the structure of the material by
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Figure 7.1: Schematic of phases of a fibrous colloidal system without (a,b) and with
(c,d) added shear. Without shear both the (a) gelled state and (b) dilute state retain
entanglements that cannot be broken by gradients in osmotic pressure. After shear
is applied and HCO is (c) in contact with the gelling agent the system forms bundles
of rods associated into a sample spanning network. After a degradation the (d)
dilute phase is dissociated into a solution of fibers. These structures are inferred from
comparison of rheological measurements to previous work by Wilkins et al. [1].
comparison with a study of a similar colloidal gel, polyamide, by Wilkins et al. where
the structure is determined using confocal microscopy [1]. Our three techniques give
consistent results and determine that shear permanently changes the rheology, and,
in turn, the structure of the gel, which cannot be recovered using an osmotic pres-
sure gradient as a driving force. Each system can however repeatedly undergo phase
changes without permanent effects to the rheology. This indicates that simple phase
transitions do not affect the properties or structure of the material.
The HCO system of fibrous particles can have three distinct phases when compared
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to previous work by Wilkins, Spicer, and Solomon [1]. In this work, Wilkins et. al.
added increasing concentration of depletant to a network phase of polyamide rodlike
colloidal particles (L/D=39), and found that the system has three phases. The first
phase, with no depletant added, is a sample spanning network of colloidal fibers, a
gel, Figure 7.1a. This region is defined as an entangled gel network and is a state
where both attractive forces and physical fiber interactions form a network. The
second distinct phase is the transitional phase where rods have begun to bundle
but the system retains a sample spanning network structure, Figure 7.1c. Finally,
when enough depletant is added, the rods no longer have a network structure and
are in the bundled phase, corresponding to a much lower elastic modulus, Figure
7.1d. The previous investigation used confocal microscopy and bulk rheology to relate
the phase transitions of the fibrous colloidal system with their corresponding elastic
moduli [1]. In our work, we use multiple particle tracking microrheology, µ2rheology
and bulk rheology to measure dynamic scaffold properties during phase transitions in
a fibrous colloidal gel, HCO. The HCO system is similar in aspect ratio and colloidal
dimensions to the polyamide measured by Wilkins et al., therefore, the structure of
HCO is inferred from comparison of rheological measurements to this work [1].
7.3.1 Microrheology of hydrogenated castor oil
Chapter 3 characterized discrete HCO samples using multiple particle tracking mi-
crorheology. We have reproduced these experiments here to better relate to µ2rheology
and bulk rheological experiments, Figure 7.2 a−d [104]. A single sample each of pre-
sheared and non-sheared is prepared and one phase transition is measured in that
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Figure 7.2: Measured mean-squared displacements (MSDs) (a,b) and logarithmic
slopes of the mean-squared displacements, α, (c,d) of degradation (a,c) and gelation
(b,d) of an HCO gel. The dashed lines represent n, the critical relaxation exponent, a
quantitative measure of the gel-sol transition, determined by time-cure superposition.
144
sample by changing the contacting solution and creating an osmotic pressure gradi-
ent. During degradation, the starting material is a gel and the sample is not subject
to large shear during preparation. Conversely, sol starting materials for gelation
experiments did experience shear stress during sample preparation. Measured mean-
squared displacements (MSD) and the corresponding logarithmic slopes of the MSDs,
α, for degradation and gelation are shown in Figure 7.2 a, c and b, d, respectively.
Using the logarithmic slope of the MSD we determine the state of the material and
start to understand the structure of the material.
For degradation, the maximum α value measured is 0.77, which indicates that
the gel has not completely dissociated restricting probe particles from freely diffus-
ing [104]. Additionally, during degradation there is reorganization of the network
structure, as α rises sharply before decreasing, Figure 7.2c at 80 mins. The reorga-
nization of the colloidal fibers may be due to trapped gelling agent. After complete
degradation, α = 0.77, the scaffold has changed from an entangled gel network into
a sol that still has a colloidal structure which restricts particle movement, illustrated
in Figures 7.1 b and c [1]. With these measurements alone, we cannot determine
the structure at the phase transition and further analysis of the data using time-cure
superposition determines the appropriate structure.
During gelation, the maximum value for α is 0.94. This value indicates that probe
particles are undergoing Brownian motion and there is little structure of the material
indicating freely diffusive fibers in solution, as depicted in Figure 7.1d. From these
discrete measurements, there is a distinct difference in the equilibrium rheological
properties of HCO in the sol. The pre-sheared sample (used for gelation experiments)
ranges from 0< α <1, while the non-sheared sample (used for degradation) is bounded
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by 0< α <0.77. As before, from the MPT data we determined the critical relaxation
exponents to be ngel=0.94±0.11 for gelation (pre-sheared) and ndeg=0.77±0.09 for
degradation (non-sheared).
To compare our MPT results to the previous study by Wilkins et al., we define a
normalized modulus, G′norm =
|G′∗−G′|
G′∗ , where G
′∗ is the value of the elastic modulus
when the colloidal rods have the greatest attractive forces. This value is defined
to make bulk rheological and MPT measurements comparable. For the polyamide
system, G′∗ = 51 Pa, and the corresponding phase transitions occur at a reduced
modulus of G′norm,N−T=0.74 for the network to transitional phase change (N − T )
and G′norm,T−B=0.95 for the transitional to bundled phase change (T − B). These
values agree with the critical relaxation exponents, n, that define the gel-sol and
sol-gel transitions in the non-sheared and pre-sheared HCO system determined from
MPT data using time-cure superposition [104]. The similarity between values, and
that both are describing phase changes, indicates that the phase changes proposed
by Wilkins et. al. are also occurring in the HCO system. This comparison also
indicates the structure of the network formed during gelation and degradation are
not the same. During gelation, the pre-sheared HCO sample transitions from bundles
of HCO, Figure 7.1d, to a transitional phase where these bundles are associating,
Figure 7.1c. During degradation, the HCO starts as an entangled gel network, Figure
7.1a, and over time enters the transitional phase, Figure 7.1b, where entanglements
remain but the HCO no longer has a sample spanning network structure.
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Figure 7.3: Experiments of consecutive phase transitions for (a) non-sheared (gel
starting material) and (b) pre-sheared (sol starting material) HCO scaffolds measured
using µ2rheology. Grey shaded regions have gelling agent in the sample chamber and
white regions have water surrounding the HCO in the sample chamber. Vertical
dashed lines represent any solvent exchange from the solvent basin to the sample
chamber. Horizontal dashed lines are the value of the critical relaxation exponent
which is the quantitative measure of phase transitions. The inlay in (b) shows the
initial swelling of the HCO sample where MPT measures α > 1 indicative of probe
particle drift.
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7.3.2 µ2rheology and the effect of shear
µ2rheology characterizes four consecutive phase transitions for HCO samples with dif-
ferent initial conditions, a non-sheared gel, Figure 7.3a, and a pre-sheared sol sample,
Figure 7.3b. Figure 7.3a and b show HCO degradation and gelation, respectively.
White backgrounds indicate degradation with water in the solvent basin creating the
osmotic pressure gradient and grey backgrounds indicate gelation with gelling agent
in the solvent basin. The vertical dashed lines in Figure 7.3 represent any exchange of
fluid from the solvent basin to the sample chamber. When color changes from white
to grey (or vice versa) the osmotic pressure gradient is being reversed to induce a new
phase transition. If the color does not change, such as at 800 min in Figure 7.3a, the
sample chamber is being re-flushed with the same solvent. This can occur during the
experiment if an insufficient amount of the fluid is removed from the sample chamber
during an exchange, and often occurs when removing gelling agent due to its high
viscosity.
For both starting materials, µ2rheology measures equilibrium properties that are
the same over several phase transitions. Despite the similarities within each experi-
ment, the range of α values is different between experiments and dependent on the
starting material. The non-sheared experiment has an equilibrium sol value of α =
0.8, while the pre-sheared sample can repeatably reach α = 1. Both materials undergo
phase transitions, but the upper limit of the measured α value indicates that more col-
loidal structure remains in degradation than in gelation experiments. By comparison
to Wilkins et al., we infer that the non-sheared sample transitions from an entangled
network into the transitional region at n = 0.77 ≈ G′norm,N−T . The pre-sheared HCO
transitions from a sol into the transitional region at n = 0.94 ≈ G′norm,T−B [1].
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Additionally, a reorganization of the microstructure due to gelling agent retention
is seen during each degradation step for both starting materials. During gelation, both
pre-sheared and non-sheared HCO samples are able to completely and repeatably gel.
However, the pre-sheared sample reaches an equilibrium value of α = 0.2, while the
non-sheared sample approaches 0. This indicates that the pre-sheared sample forms a
weaker gel than the non-sheared, a result that is further supported by bulk rheological
measurements.
7.3.3 Bulk rheology and the affect of shear
Bulk rheology measures a non-sheared HCO scaffold during degradation and a pre-
sheared HCO scaffold during gelation. With this data, we first identify where the
phase transition occurs, using the critical relaxation exponent determined from MPT
measurements. We plot the normalized modulus for HCO degradation and gelation,
Figure 7.4a and b respectively. Using the previously determined n values the phase
transition time is determined. For degradation, the phase change occurs at 4.2 hrs.
Gelation occurs at 16 hrs. Overlaying these critical transition times onto time-sweep
of HCO during degradation and gelation determines the properties of the material
at the critical transition point, Figure 7.4c and d. The rheological properties at the
beginning and end of the experiment are measured by a frequency sweep, 7.4e and
f. During these experiments, the concentration of fibers under the geometry will
change as the transitions occur, but the volume will remain constant. Since we are
investigating the network properties of the material, the concentration of fibers will
not affect the results.
Figure 7.4c and d are time sweeps of the HCO scaffold during degradation and
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Figure 7.4: Bulk rheology on a dynamic HCO system. Normalized moduli (a and b)
and moduli (c and d) as a function of time throughout degradation (a and c) and
gelation (b and d). Frequency sweeps (e and f) show rheological properties at the
beginning and end of the experiment.
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Figure 7.5: Complete 72 hour degradation of HCO measured with bulk rheology.
gelation. In Figures 7.4c and d the vertical dashed lines represent phase changes
from network to transitional region (degradation) and bundled to transitional region
(gelation) [1, 104, 105]. The results from bulk experiments quantify the difference
between pre-sheared and non-sheared samples, especially in the equilibrated state.
For degradation, the gel does not undergo a complete transition to a solution of rods
as indicated by the lack of a crossover point between G′ and G′′. G′ begins at 432±16
Pa, and reaches an equilibrium value of 2.5 ± 0.2 Pa after 24 hours, while G′′ starts
at 89 ± 11 Pa and ends at approximately 0.6 ± 0.3 Pa. After 24 hrs the system has
reached equilibrium and stays at these equilibrated values for up to 72 hrs, Figure 7.5.
The critical transition from a gel network into the transitional phase as determined
by MPT occurs when G′ > G′′. This indicates the phase change is not associated with
a complete degradation of the network, indicating that the equilibrated structure is
likely in the transitional region [1].
Alternatively, gelation experiments begin with G′ < G′′, and reach a crossover
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Figure 7.6: Comparison of normalized G′ and α for both (a) degradation and (b)
gelation. The values are plotted against a normalized time based on when the ma-
terial has reached equilibrium, ttot. α values are bounded by the lowest and largest
values achieved during discrete microrheology experiments. Diamond and X markers
indicate separate microrheology experiments, while black lines indicate bulk rheology.
point after approximately 16 hrs. The moduli continue to increase over a period of
48 hrs, with G′ reaching a maximum equilibrated value of 76 ± 7 Pa. The critical
transition time for gelation determined from MPT occurs at the crossover point, 16
hrs, indicating the fibers are associating into a sample spanning network structure.
Due to the fact that the network undergoes a phase change during degradation, but
does not lose all network structure, while the network has a simultaneous crossover
point and phase change during gelation, we conclude that the shear added during
preparation of the HCO solution has a lasting affect on the structure of the gel.
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7.3.4 Comparison of normalized microrheology and bulk rhe-
ology
We compare the normalized modulus from bulk rheology (G′norm) and normalized α
during degradation and gelation as a function of a normalized time, tN =
t
ttot
, where
ttot is the equilibration time, Figure 7.6. α is normalized by bounding it between
the beginning and end values during the transition. Both techniques characterize the
change in rheological properties due to the change in the structure of the material and
determine the critical transitions between phases. Therefore, we expect after proper
normalization that the two techniques will show similar trends. Figure 7.6a is HCO
degradation and follows a power law trend for both bulk rheology and microrheolog-
ical experiments. Figure 7.6b is the HCO gelation and begins with a period of very
little change followed by a linear decrease after tN = 0.25. The agreement in Figure
7.6a and b demonstrate that the normalized modulus and α are directly comparable
between the two techniques. It also suggests that both techniques, which access dif-
ferent length scales, the microscopic length scale in microrheological measurements
and macroscopic length scale in bulk rheological measurements, are accurately char-
acterizing the change in rheological properties due to the change in association and
dissociation in the fibers. Therefore, using these two techniques together can ex-
pand the use of both techniques in the characterization of colloidal gels to access
information about phase transitions across different length scales.
Our work determines that an osmotic pressure gradient is not a strong enough
driving force to break the entanglements in the gel structure. However, when even
a small amount of shear is applied to an HCO sample, entanglements are broken
and a sol is formed. The results of this sample processing step are permanent, and
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cannot be returned with simple osmotic pressure gradients. In order to return the
entanglements, and thus the original material properties, additional forces must be
added to the material during the phase transition, such as centrifugation [196].
7.4 Conclusions
This chapter characterizes a colloidal fiber system, HCO, that undergoes gelation
and degradation due to osmotic pressure gradients. Microrheology, µ2rheology and
bulk rheology characterize the rheological properties of the material during dynamic
transitions. The comparison of the critical transitions to previous studies indicates
the structure of the scaffold. These structures were previously determined by Wilkins
et al., using a combination of bulk rheology and confocal microscopy in a similar
colloidal fibrous gel system, polyamide [1]. Additionally, this work investigates the
effect of adding shear during sample preparation and the subsequent change in the
accessible rheological properties of the scaffold.
Multiple particle tracking microrheology characterizes the non-sheared gel degra-
dation and pre-sheared HCO solution gelation. These measurements determine that
the scaffolds are not undergoing the same change in structure at the critical transition
and neither can fully transition between a gel and sol. The previous MPT measure-
ments determine the critical relaxation exponents, which are ndeg = 0.77 ± 0.09 for
degradation and ngel = 0.94 ± 0.11 for gelation. The critical relaxation exponent
should be constant for all phase transitions in a material, therefore these different
values indicate that shear induced on an HCO sample changes the structure.
Comparing the values of n to Wilkins et al., we find good agreement between their
reported values for phase changes from the transitional region to bundled solution,
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G′norm,T−B = 0.74, and from network to the transitional region, G
′
norm,N−T = 0.94.
This indicates that the pre-sheared sol sample transitions from a sol into a transitional
region, while the non-sheared gel sample transitions from an entangled gel network
into a transitional region.
µ2rheology measurements determine that consecutive phase transitions on a sin-
gle HCO sample yield the same equilibrium rheological properties. Therefore, the
microstructure of the pre-sheared sol and non-sheared gel does not change as a result
of the consecutive phase transitions.
Bulk rheological measurements also characterize HCO during degradation and
gelation. Again, these measurements determine that the rheological properties of a
non-sheared and pre-sheared HCO gel are different. Comparison of bulk rheological
and microrheological measurements show exceptional agreement during the entire
phase transition.
From these three measurements, we determine that an osmotic pressure gradient
is not a large enough driving force to reform entanglements broken by shear or to
break entanglements present in the non-sheared material. These three measurements
taken together with a comparison to previous work indicates an entangled HCO gel
degrading changes from an entangled network to a transitional state where fiber
entanglement is still present but no sample spanning scaffold structure exists. An
HCO sol, where entanglements have been broken by shear during sample preparation,
transitions from bundles in solution to an associated network of bundles, but little to
no entanglements are formed. These measurements confirm that processing a colloidal
gel, such as HCO, can cause permanent changes in material properties limiting the
appropriates uses of the scaffold.
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Chapter 8
Conclusions & Future Work
8.1 Conclusions
This chapter summarizes the major conclusions from the thesis, and discusses the
extension of this work to investigate other fibrous colloidal systems. The goal of
this work is to determine the rheological properties during critical transitions of both
polymeric and colloidal gels using known microrheological techniques, as well as de-
veloping new techniques to expand the use of multiple particle tracking microrheology
(MPT). From these rheological properties we can infer the microstructure within these
materials. These techniques are shown to be extremely useful for determining changes
in microstructure of polymeric gels due to polymeric interactions and gelation mecha-
nism, allowing for more targeted materials to be made for applications in fields such as
enhanced oil recovery. While the techniques were originally developed for polymeric
systems, they are shown to be extremely useful for characterizing colloidal systems,
especially when MPT is adapted to measure multiple length scales in a single mea-
surement. Studies of Newtonian fluids, polymeric gelation, and colloidal degradation
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illustrate the benefits and viability of combining multiple probe sizes within a sin-
gle sample. MPT measurement of hydrogenated castor oil (HCO) colloidal systems
allows us to quantitatively measure heterogeneity and the critical relaxation expo-
nent, n. The determination of n for degradation of HCO, ndeg, resulted in a different
value than for gelation of HCO, ngel. While determining the cause for the change in
n values, a new microfluidic device is designed that enables observation of multiple
transitions without imparting shear on the sample. The device is successfully used
to show that the driving force of our phase transition, the osmotic pressure gradient,
does not change the structure of the material. Finally, it is determined that the shear
imparted on the sample during preparation causes a change to the microstructure by
removing entanglements of the fibers. The HCO system with and without shear is
compared to other fibrous colloidal systems by both microrheology and bulk rheol-
ogy. The characterization of these materials allows for a more informed processing of
home care goods as well as a better understanding of how the materials will respond
to stimuli during use.
8.1.1 Effect of polymeric interactions and gelation mecha-
nism on polymeric hydrogels
Chapter 3 investigates the effects of changing the polymeric interactions, by increas-
ing the concentration of backbone polymer, and gelation mechanism, by changing end
groups, in a hydrogel scaffold using MPT. The hydrogel material consists of a four-arm
star poly(ethylene glycol) (PEG) backbone, Mn=20,000 g mol
−1, end-functionalized
with either maleimide or acrylate, cross-linked with a linear PEG, Mn=1,500 g mol
−1
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and end-fuctionalized with dithiol. PEG-maleimide gels undergo a step-growth reac-
tion, while PEG-acrylate gels undergo a chain-growth reaction. PEG concentration
is varied below, at, and above the overlap concentration. A systematic study of these
materials enables engineering of materials for a range of applications from enhanced
oil recovery to synthetic biomaterial scaffolds..
Both bulk rheology and multiple particle tracking microrheology are used to de-
termine the overlap concentration of our four-arm star PEG backbone molecule. The
pervaded volume of the polymer chains begin to overlap at the overlap concentration.
This increase in polymer interactions changes the viscoelastic behavior. Theoretical
calculations agree with the value determined by experiments.
MPT experiments at a range of concentrations below, at and above the overlap
concentration measure both step- and chain-growth gelation reactions. The critical
relaxation exponent, n, a measure of the structure, is determined from MPT experi-
ments.
The affect of gelation mechanism is determined by comparing n values of PEG-
maleimide and PEG-acrylate gels. From these values we determine that the gelation
mechanism does not have an effect on the scaffold structure at the time of gelation.
Increasing polymer concentration, and thus polymer interactions, in the precursor
solution results in decreasing values of n. A gel with backbone concentration well
below c∗ is a percolated-type structure. As concentration is increased, but remains
below c∗, a decrease in the n value indicates that the network structure changes to a
more tightly cross-linked network. n decreases further as concentration continues to
increase to and above c∗. Once at c∗ scaffolds have a constant n value.
Both concentration and type of gelation reaction provide a large parameter space
158
for tailoring the structure and material properties. This adaptability makes these
gels widely applicable and understanding how to precisely engineer these material
properties will further enhance their use.
8.1.2 Quantifying the rheological properties of fibrous col-
loidal materials using multiple particle tracking mi-
crorheology
Chapter 4 uses microrheological techniques to measure the critical transitions of a
colloidal material. Hydrogenated castor oil forms a stable gel when in the presence
of a surfactant, and undergoes a phase transition by changing the osmotic pressure
gradient. Two starting materials are used to measure degradation and gelation, a 4
wt% HCO gel and a 0.125 wt% HCO sol, respectively. By placing the gel in water,
the attractive forces between colloidal particles are weakened and the gel degrades.
By contacting the HCO solution with a hydrophilic material, these attractive forces
are strengthened until a gel forms. Time-cure superposition determines the critical
relaxation exponent, ngel = 0.94 ± 0.11 and ndeg = 0.77 ± 0.09. n is a material
property, and should be the same for each phase transition. This difference suggests
that the sample preparation between may be altering the microstructure forming two
different materials, or there are changes in microstructure during the phase transition.
Despite the difference in n values, both show that the material is a loosely associated,
porous structure which readily dissipates energy.
Heterogeneity of HCO gels is quantified through several analysis techniques. These
techniques quantitatively determine distinct heterogeneous microenvironments and
the material properties of the microenvironments. van Hove correlation functions
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show that MPT measurements are valid despite heterogeneities. The similarities in
the α values between ensemble-averaged and dominant cluster, which is the clus-
ter with the majority of probe particles, verifies that ensemble MPT measurements
accurately describe the scaffold properties. Further analysis of the heterogeneities
determines a rheologically and spatially homogenous material at equilibrium with
heterogeneous microenvironments during phase transition. Finally the non-Gaussian
parameter, a measure of the rheological heterogeneity, indicates the material has
the greatest heterogeneity when in the viscoelastic solid phase during the critical
transition. This heterogeneity analysis adds information about a complex scaffold
microenvironment.
The techniques presented in this chapter characterize an industrially relevant HCO
colloidal gel in an end-use environment. The analysis also creates a new set of analyt-
ical techniques to quantitatively characterize heterogeneous microenvironments and
material properties using multiple particle tracking microrheology.
8.1.3 Multiple particle tracking microrheology with bi-disperse
probe sizes
Chapter 5 develops a technique for using a bi-disperse probe particle size for MPT
experiments. Bi-disperse probe particle sizes, 0.5 and 2.0 µm, add additional infor-
mation to multiple particle tracking microrheology experiments by probing different
length scales. The radius of gyration, R2g, is calculated and used to separate probe
particles by their size. This creates two populations that are tracked simultaneously
into separate trajectories. From the trajectoreis the mean-squared displacement is
calculated for each probe size. Static error related to the 2.0 µm probes is accounted
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for in the analysis.
This technique is implemented in a series of experiments with known proper-
ties: Newtonian glycerol solutions, gelation of a PEG-acrylate hydrogel, and an HCO
degradation. MPT data are used to calculate the viscosity of glycerol solutions at
different concentrations. Both probe populations have the expected MSD for New-
tonian fluid, with α=1. The resulting viscosities match well between both probe
particle sizes as well as compared to literature values.
The gelation of a PEG-acrylate hydrogel is also measured. Calculation of the
critical relaxation exponent results in the same value previously measured. The cal-
culated α values change between probe particle sizes, most likely do to the viscoelastic
properties of the polymer solution, which is above the overlap concentration. Both
probe sizes measure gelation occurring between 28-28.5 mins, indicated by the drastic
decrease in α. Finally the heterogeneity of the two particle populations determined
that 2.0 µm show a larger overall heterogeneity, as well as a large increase at the
point of gelation. This is likely due to entropy being maximized as gelation occurs.
When measuring the colloidal gel, different length scales are able to measure dif-
ferent feature sizes within the sample. 0.5 µm probes measure the same degradation
as measured previously. This includes homogenous equilibrium phases and a het-
erogeneous transition. 2.0 µm probes measure a lower equilibrium α value than the
0.5 µm probes. The 2.0 µm particles measure a larger length scale which does not
fully degrade into a solution. Additionally, the rheological heterogeneity shows that
the 2.0 µm probes do measure an increase in rheological heterogeneity at the critical
transition.
These experiments show that simultaneous particle tracking of different probe
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sizes is a useful technique that is easily incorporated into MPT experiments. Multiple
particle sizes give additional information into soft matter systems based on the length
scale of feature sizes in the sample.
8.1.4 Consecutive phase transitions on a single sample using
µ2rheology
Chapter 6 describes a new microfluidic device designed to enable consecutive phase
transitions on a single sample by exchanging the fluid surrounding the sample, while
also minimizing shear. The key to the device is the symmetric inlet channels sur-
rounding the sample, which create equal pressure around the sample during fluid
exchange. This locks the sample in place while the fluid in the sample chamber
changes composition. The device also allows for the exchange of fluids regardless of
their relative densities.
µ2rheology, the combination of microfluidics and microrheology, measures consecu-
tive phase transitions of the HCO system for up to nine transitions. Phase transitions
are determined by calculating the α values and comparing them to the n for a de-
grading HCO gel, as calculated in Chapter 4. The values of α throughout consecutive
transitions range between 0< α <0.9, and each consecutive phase change returns to a
similar value of α. These data suggest that the HCO microstructure is not changing
during each phase transition.
This microfluidic device is easily adapted to any soft matter system that undergoes
phase changes based on changes in the surrounding fluid environment. Currently, the
device is being used to investigate polymeric hydrogels that undergo phase transitions
due to changes in pH.
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8.1.5 Effect of shear imparted during sample preparation on
the rheological properties of hydrogenated castor oil
gel
Chapter 7 characterizes the effects of sample preparation on hydrogenated castor oil
gels. A pre-sheared 0.125 wt% HCO sol and a 4 wt% HCO gel are used as starting
materials for gelation and degradation, respectively. The effects are characterized
during dynamic transition using three different techniques, microrheology, µ2rheology
and bulk rheology.
MPT characterizes pre-sheared and non-sheared phase transitions separately. We
see similar results to those observed in Chapter 4. The materials have distinct dif-
ferences during the phase transition. This is determined by using time-cure superpo-
sition to calculate the critical relaxation exponent for degradation, ndeg=0.77±0.09,
and gelation, ngel=0.94±0.11. We compare the n values to the bulk rheological prop-
erties and phase structures of a fibrous polyamide gel, as reported by Wilkins et.
al [1]. By normalizing the elastic modulus of the polyamide gel we find that phase
transitions occur at the same value as determined from TCS. The transitions occur
between a transitional region, which has a complete network structure, to a region
of bundled fibers in solution, G′norm,T−B = 0.74, and from a network of fibers to the
transitional region, G′norm,N−T = 0.94. These values suggest that the non-sheared gel
sample transitions from an entangled gel network into a transitional region, while the
pre-sheared sol sample transitions from a sol into a transitional region.
µ2rheology experiments are performed on both pre-sheared and non-sheared HCO.
These experiments measure no change in the equilibrium phases of either starting
material during consecutive phase transitions. There is a difference in the range of
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α values between pre-sheared and non-sheared HCO, indicating that the accessible
phases are different between the starting materials. Pre-sheared HCO ranges between
0.2< α <1.0, indicating a repeated phase change between a solution of bundled
fibers and the transitional phase. Non-sheared samples range between 0.0< α <0.8,
indicating phase transitions between the network and transitional phases.
Bulk rheological measurements then reinforce the conclusion that the HCO and
polyamide systems are comparable. HCO Degradation and gelation experiments are
performed in an immersion cup, allowing for continuous measurement throughout
degradation or gelation. These measurements again determine that the rheologi-
cal properties of a non-sheared and pre-sheared HCO gel are different. The non-
sheared HCO gel never completely degrades into a solution, as evident by the lack
of a crossover point between the elastic and viscous moduli. During the gelation of
the pre-sheared HCO sol, a crossover point occurs at the time when the normalized
modulus predicts a phase change will occur. Finally, a normalization of bulk and
microrheology data show that the two methods are measuring the phase transitions
at the same point.
These three measurements suggest that an osmotic pressure gradient is not a large
enough driving force to either break fiber entanglements present in the non-sheared
material nor reform entanglements broken by shear during sample preparation. These
results have an important effect on how these materials are processed, as well as how
to best engineer products using these as rheological modifiers to best respond to real
world stimuli.
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8.2 Future work: Effect of Depletion Interactions
and Polydispersity
The goal of this thesis is to determine the rheological properties during dynamic tran-
sitions of different soft matter systems and relate these properties to the microstruc-
ture of the material. Understanding the microstructure during phase transitions allow
for the engineering of materials for industrial and home care products. The methods
developed have broad applications throughout the study of soft matter. An exten-
sion of this work is to find further similarities between different types of soft matter,
namely between suspensions of colloidal fibers.
In Chapter 7 we discuss how the HCO system can be related to a similar system
of polyamide fibers through both MPT and bulk rheology [1]. In these studies, the
driving force of gelation is an attractive force caused by depletion interactions by
addition of a polymer [161]. When the size of the polymer is larger than the distance
between the fibers the depletant interaction increases due to the excluded volume of
the polymer. The strength of the depletant interaction is dependent on the size of
the polymer chain and its concentration [161]. This driving force is different than
the HCO system, which is dependent on osmotic pressure gradients. In addition to
the difference in the driving forces, the systems differ by their polydispersity. HCO
fibers are very polydisperse, with aspect ratios (L/D) ranging form 50-2500, while
polyamide has a much more monodisperse fiber size, with aspect ratios of 54±3.
Fibers can be made up to an aspect ratio of 306±14, which is much more monodisperse
than the HCO. The question still remains how these two factors, driving force and
polydispersity, change the structure of the colloidal systems.
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Figure 8.1: Comparison of bulk modulus of 1 wt% polyamide fiber suspensions syn-
thesized at different temperatures. Hydrogenated castor oil at the same concentration
is included for reference.
Polyamide rods are synthesized using the procedure outlined by Wilkins et. al. [1].
A full description of the technique is discussed in Chapter 2. We create the fibers at
different sizes by changing the bath temperature, and with a temperature of 100◦C
we obtain the closest size in comparison to the HCO fibers, as seen in Chapter 2.
Raising the temperature over 100◦C produces smaller fibers. The different fibers are
measured for elastic modulus to determine the strength of the network, Figure 8.1.
These results determine longer fibers will have a corresponding larger modulus. Based
on this analysis, we will use the fibers made at 100◦C, as these fibers are the closest
to the size of HCO fibers.
To determine the effect of polydispersity, we perform MPT microrheology exper-
iments on the polyamide, Figure 8.2. In these experiments, water, colloidal suspen-
sion, either HCO or polyamide, and probe particles are mixed overnight at 10 RPM
to ensure complete mixing. Samples are then injected into a sample chamber and
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Figure 8.2: Comparison of polyamide and hydrogenated castor oil suspension mi-
crorheology. Mean-squared displacement curves for (a) polyamide and (b) HCO at
varying concentrations. (c) Corresponding logarithmic slopes of the mean-squared
displacement curves, α, at each concentration.
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observed under the microscope. We see from these results that the two systems are
similar without any depletant interactions. The MSD curves indicate a phase change
between fiber concentrations of 0.2 wt% and 0.4 wt%, Figure 8.2a and b. This matches
with the time-cure superposition analysis done in Chapter 4, nHCO=0.94±0.11. Since
n = α at the critical transition, the critical relaxation exponent for polyamide, nPA,
will have a value between 0.88±0.008 and 0.62±0.04. This range is obtained from
the α values at 0.2 and 0.4 wt%, Figure 8.2c. This lower value would indicate a more
tightly associated network. Another indication of a change in structure is the lower
α value at each concentration. This lower value corresponds to the probe being in a
more confined environment, again suggesting that there is a more tightly associated
network of fibers. Future work on the effect of polydispersity will be a full degrada-
tion experiment with the polyamide in water to obtain enough samples at different
extents of degradation for a time-cure superposition analysis. From that, a definitive
value for n can be found and compared to the previous reported value for HCO.
The effect of driving force can be determined by adding the polymer deple-
tant to the microrheology experiments. Polymer, in this case poly(ethylene oxide),
Mn=100,000 g mol
−1, is added to concentrations ranging from 0-0.75 c/c∗, where c∗
is the overlap concentration of the polymer, c∗=7000 ppm [197]. Figure 8.3 shows
the results of the addition of polymer to HCO suspensions. We see initially that
a small amount of polymer, c/c∗=0.14, weakens the structure. When no polymer
is present, α reaches a value of 0.30±0.08 at a 1.0 wt% HCO, while at c/c∗=0.14,
α=0.45±0.10, Figure 8.3d. However, with the addition of more polymer stronger
network is formed. As c/c∗ is increased above 0.14, a gel is readily formed above a
concentration of 0.2 wt% HCO fibers. These experiments suggest that the change in
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driving force could be changing the microstructure. Again, in order to confirm these
findings a complete set of measurements at different extents of gelation are needed
and a time-cure superposition analysis would need to be done for both the polyamide
and HCO systems.
This thesis has aimed to broaden the use of MPT to explore the properties of
colloidal gels and other types of soft matter. In doing so, we have seen not only that
these techniques can be used for colloidal systems, but also that they can give great
insight into the dynamic phase changes. The information gained by these techniques
will help tailor these materials through processing and into the end use products.
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